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Preface 



The field of energetic materials has long been considered primarily for its practical 
aspects and it is only recently that the modern fundamental science phenomena 
began to emerge. This has been particularly true in academic science, where fun- 
damental acceptance and progress in the field has only recently developed. Ener- 
getic materials, however, have been of great practical importance from the time of 
the discovery of gunpowder to modem day explosives and rocket fuels. These 
materials have had a profound, if not always positive, effect on history. However 
the significance of their peaceful uses, ranging from the use of explosives in mining 
and road building to applications such as missile propulsion systems, should not be 
overshadowed by their potential destructive power. The ultimate use of the knowl- 
edge gleaned by this research is not a question for debate here. 

Research on energetic materials extends from bulk synthesis, to engineering 
and materials science, to the microscopic study of molecular dynamics and struc- 
ture (i.e., the molecular level understanding of these systems). In order to under- 
stand the combustion of energetic materials, the detailed chemistry of the 
decomposition processes must be understood. The nature of the individual reaction 
steps, the dynamics of the dissociation, and the energy released during combustion 
reactions must be recognized. Thus, the study of energetic materials spans many 
disciplines. Chemistry, as the science that can lead to such materials, is at the focal 
point. Indeed, an ever-extending array of new energetic compounds is continually 
being synthesized. Historically, nitro derivatives played a special role as the most 
commonly used compounds. Energetic nitro compounds range from C-nitro deriv- 
atives such as trinitrotoluene (TNT), to O-nitro compounds such as trinitrogly- 
cerol, to /V-nitro compounds such as HMX and RDX. Nitrogen oxides continue to 
be significant oxidants. 

Any study of energetic materials must clearly start with the characterization of 
structure. R. D. Gilardi and J. Karle discuss in the first chapter the structural in- 
vestigation of energetic materials by the use of single crystal x-ray crystallography. 
In conjunction with their colleagues at the Naval Research Laboratory, they lave 
over the years advanced these studies in a remarkable way and in the process 
obtained a unique collation of the structural data of more than 500 energetic com- 
pounds of great significance. Their chapter centers on the structural study of the 
most recent significant classes of compounds. In addition to facilitating an under- 
standing of the relationship of structure to function (such as density), this structural 
work also plays a valuable role in the development of new and improved materials 
by facilitating synthesis of promising new types of substances, as well as charac- 
terizing those already synthesized. It is even possible now, on occasion, to make 
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reasonable suggestions based on 



structural aspects for the feasibility of certain 



contemplated ssndtesev dvnamics 0 f initial dissociation processes is 

The understanding of the che ^ ^ ^ co)]eagues discuss in Chapter 2 
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latkinnanslat ional spectroscopy, the compound studied is expanded from a nozzle 
into a vacuum and the expansion is collimated to form a molecular beam. The 
molecular beam is then crossed w ith the output of a pulsed C0 2 laser, which excites 
the molecule of interest above the dissociation threshold; this infrared multiphoton 
excitation induces dissociation of the molecule. This method has also been applied 
previously to the study of the initial steps in RDX decomposition. Molecular beam 
studies provide a useful complement to bulk phase decomposition studies. The 
characterization of the initial steps in the decomposition allows a better under- 
standing of the results of bulk phase studies with regard to secondary reactions and 
the role of the condensed state. Molecular beam studies also contribute signifi- 
cantly to the theoretical understanding of combustion processes. 

P M Rentzepis and B Van Wonterghem discuss in Chapter 3 the kinetics and 
mechanism of dissociation of molecules by means of ultrafast absorption and emis- 
sion spectroscopy The spectra of the intermediate states and species are obtained 
in real time and the formation and decay of these species measured. The develop- 
ment of picosecond x-ray spectroscopy ( PXR). a new field that enables the record- 
ing of the evolution of the structure of intermediates during the course of chemical 
reactions, is also presented. Application of these new pioneering methods to the 
study of energetic systems will widen our understanding and knowledge of the 
fundamentals of molecular dissociation processes. 

In Chapter 4. PPohtzer and colleagues discuss the computer-aided design of 
monopropellants. They center their discussion on methods that calculate the spe- 
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synthesis of some exciting new and potentially useful polycyclic caged aminev 
After discussing general approaches to the synthesis of caged nitramine explo- 
sives, he presents the chemistry which led to the synthesis of three significant new 
classes of caged polycyclic amines, the polyazaadamantanes, polyazawurtzitanes. 
and polyazaisowurtzitanes. 

R. Khattar and colleagues in Chapter 6 discuss the synthetic and structural 
chemistry of the metallacarboranes of the lanthanide and alkaline-earth metals. 
These potentially high-energy fuel additives represent a significant addition to the 
broad class of metallacarboranes. Their fascinating structural aspects are also of 
much interest. 

G. A. Olah in Chapter 7 reviews some of the most useful methods in preparing 
nitro compounds (i.e., electrophilic nitrations with superacid systems, nitronium 
salts, and related Friedel-Crafts type complexes). Polynitro compounds were tra- 
ditionally and still are the most widely used explosives [e.g., nitroglycerol. trini- 
trotoluene (TNT), and A-nitramines (RDX and HMX)]. Methods of preparing 
nitro compounds thus remain a key part of the synthesis of energetic materials. 

The study of energetic materials is emerging from a field primarily directed 
toward practical interests to an advanced area of fundamental research, where 
state-of-the-art methods and theory are used side by side with modem synthetic 
methods. That two of the contributors to this volume are Nobel laureates and five 
are members of the National Academy of Sciences speaks well for the maturing 
nature of the field and the related degree of scientific sophistication. Obviously a 
volume of this size cannot give a comprehensive review of the entire field of the 
chemistry of energetic materials. It offers, however, a good perspective of the 
present day research in both the structural-physicochemical as well as preparative 
aspects of the field. The contributions herein should give all practitioners of the 
field, whether in academia, industry, or governmental laboratories, a good over- 
view of some of the frontlines of the field. It is also hoped that the book will 
stimulate young scientists and engineers to take interest in the field of energetic 
materials. It is after all the future generation of practitioners who will take over 
and build on the present effort to advance the chemistry of energetic materials to 
new levels of understanding and improved applications. 

The U. S. Navy has traditionally, through its own research at the renowned Naval 
Research Laboratory and its sponsorship of outside research administered by the 
Office of Naval Research, contributed greatly to the development of the field of 
energetic materials. One of its most devoted and knowledgeable science adminis- 
trators, Dr. Richard Miller, was to a great extent responsible for fostering this 
process and this volume is dedicated to him. 



George A. Olah 
David R. Squire 




The Structural Investigation of Energetic Materials 
Richard D. Gilardi and Jerome Karle 



I. Introduction 

Structure determination in the context of this chapter means the deter- 
mination of the atomic arrangements in materials in the crystalline state. 
There are a number of aspects to structural analyses. They may be used to 
identify substances since they can be performed without previous knowl- 
edge of chemical composition. It is possible to determine from structural 
analyses the connectedness, conformation, configuration (or absolute con- 
figuration under special experimental circumstances), packing, solvent in- 
teractions, and average thermal motion associated with the substances of 
interest. With careful experimentation in properly chosen cases, electron 
density distributions can also be evaluated. 

Applications of this type of information in a variety of scientific disci- 
plines are evident. Some examples of areas of science that can be benefited 
are synthetic organic chemistry, natural products chemistry, pharmaceuti- 
cal chemistry, the study of rearrangement reactions, reaction mechanisms, 
ion transport through biological membranes, and biomolecular engineer- 
ing. In addition to facilitating an understanding of the relationship of 
structure to function, structural information plays a valuable role in the 
development of new and improved materials. It is in this latter context 
that the work described in this article was mainly carried out. The predom- 
inant purpose was to facilitate the synthesis of improved or new' types 
of substances, characterize those already synthesized, and on occasion, 
make some suggestions concerning the feasibility of certain contemplated 
syntheses. 

One consequence of the extensive research activity in structural analy- 
sis has been the development of a computerized X-ray crystal structure 
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'base kaowi as the Cambridge Structural Database [1J, containing 
£ te «s from over 82.000 organic chemical structures as of January 
U can be searched by compute, to prov.de mformatton to, use 
studies of the relation of structure to activity and the design of substances 
2 desired properties (e.g. , the design of drugs) The tnvest.gat.on of the 
structures of a large number of energetic materals has prov,ded mforma- 
tion for an extensive database for such substances [2], It has served as a 
useful source of information for making predictions concerning the possi- 
ble success in the synthesis of new materials. 



11. Pressure and Impulse 

Density plays an important role in the behavior of energetic materials. The 
pressure in explosions and the impulse produced by the same compound 
when used as a propellant are related. The shockwave pressure behind the 
detonation front is proportional to the density squared [3] times the specific 
impulse [4], The specific impulse itself depends on the volume of gas 
produced and the heat of combustion per gram of propellant which leads to 
a further complex dependence on density [5]. Thus, the overall depen- 
dency of the detonation pressure on the density is greater than quadratic. 
Two examples of dense energetic materials are the widely used 0-HMX 
and RDX [6,7], shown in Fig. 1. 

In addition to density, strain also offers the opportunity for higher 

\ b^ever^from mole^urar st>ain''wo uf d be lost if 
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Predicted Density = 2.0-2.2 g/cc Predicted Density = 2.0-2.1 g/cc 
Fig. 2. Two major high-energy targets for synthetic chemists. 



It is possible to conceive of molecules that contain a large number of 
substituted groups and make predictions regarding their density in the 
crystalline state [8]. To achieve better results, it is necessary to consider a 
number of packing models for various crystallographic space groups [9J. 
T wo su bstances that have among the highest predicted densities are the 
s ubstituted adamahfaneand cuba ne s Howhlh Fig. 2. The cuhane nucle us 
has, in addition, its i n her ent strain ener gy. l,3, 5,7 Jetranitrocubane has 
been synthesi zed [10J and has a density of 1.814 g/cc in the crystalline 
state. To date, three nitro-substituted cubanes have been synthesized, the 
di-, tri- , and tetra-nitrocubanes, which have densities, proportional to 
t he num b er oTrriTro substituen t^ n amely. 1.66. 1.74 and 1.81 g/cc.resp ec- 
tively_[il]. 



III. Energetic Materials Database 

A virtue of developing a database of energetic materials is its use in the 
prediction of target structures that have potentially desirable features. The 
large number of crystal structure analyses of energetic materials that have 
been performed in recent years has provided much useful information. 
Examples are structural parameters associated with the NCK group, two 
N0 2 groups on the same carbon atom, and cage compounds having a 
variety of substituents. Illustrations of some types of compounds that make 
up the current database consisting of about 300 compounds are shown in 
Fig. 3. An application of the database is the calculation of the structure of 
the hypothetical molecule, octanitrocubane. The predicted distances and 
angles are consistent with those in the database and the nitro groups are m 
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1,3,5,7-Tetranitrocubane A Hexanitropentacycloundecane 
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from a common center. HNZADA has six N- — N0 2 dipoles pointing 
outward, but also has four CH dipoles pointing inward, interposed be- 
tween the nitro groups, which is electrostatically favorable. Quantum 
mechanical calculations on the similar nitramines, HMX and RDX [16.17], 
indicate that the CH dipoles will be much stronger (and thus more stabiliz- 
ing) than ordinary aliphatic CH, due to the electron-withdrawing nature of 
the many nitramine groups. 

A substituted triazaadamantane, 2,4,10-trinitro-2,4,10-triazaadaman- 
tane, was made a few years ago by Nielsen [18]. Its synthesis showed 
that a methine (CH) surrounded by nitramines in an adamantane cage 
is chemically stable, a matter that had previously been the subject of 
debate. There are four such groupings in HNZADA. Otherwise, the local 
connections are much the same as in HMX and RDX. Molecular me- 
chanics model-building shows that the nitramines are no more crowded 
than in HMX and RDX, so there is reason to expect that this target 
molecule will not be especially sensitive or readily subject to chemical 
deterioration. 

An extension of the hypothetical HNZADA is the nonanitraza-targei 
cage compound shown in Fig. 5. This hypothetical compound has the same 




Richard D. Gilardi and Jerome Karle 




Fig 5. A model of a nonamtraza-taigei compound proposed by one , RDX and 

The rings «hich make up the nonaaza cage all resemble the simpler compounds RDA 

HMX. 



atomic ratios and groupings as HNZADA. On the assumption that 
HNZAD A and this nonanitra 2 a-compound can be synthesized, it would 
of interest to compare their physical and chemical properties. This is one 
example of a large variety of paths that may be followed in the develop 
ment of energetic compounds that have improved characteristics. 



IV. Bending Angles in Nitramines 

Nitramines are potentially high density materials and are among the types 
of substances that have been targeted for synthesis. It has been found 
from the database that amino groups in nitramines are rather flexible. The 
distribution of the out-of-plane bending angles for the amino group (the 
angle between the N-N vector and the C-N-C plane) is illustrated in 
Fig. 6. The histogram for the amino bend ranges from 0 to 60°- though 
dominated by small [0-20°) angles of bending, one example has been 
seen at 59 . Nitro groups, by comparison, are much less flexible, as may 

lb °i e r n ? g ;, ;J o r ST, angle f ° r nitro § rou P s * ^at between 

the N-N vector and the O-N-O plane. 

An example of a large amino bend (44.6°) is shown by monoketn unX 

119) illustrated in Fig. 7. The carbonyl group has the effect of flattening the 
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Fig. 8. The structure of l-nitro-3-nitratoazetidine. The nitramine is part of a four-membered 
ring, and the N-N bond is bent out of the adjacent CNC plane by 39.6°. 



nm!h, S , hape . d r nn f ^ the two nitramine g™ups near it. Weak forces can 

So« lch e S Ve y , / 8e u 13ngeS in thC amino bend since the energies are 
I" ? f ffe fl r , ent 5 1 the '"-Plane and out-of-plane configurations. For 
SS/Jf '“ly° S * udy of d^ethylnitramine indicated that only 

Xe a ; arnZh 6 h ^ the nitr ° * rou P 40 ° of the C-N-C 

Hg. 8 is 39 6° i n a n i tm! /" j.'^-^tratoazetidine [21], illustrated in 

amin ° b - d * 590 

trinitroazen^e^s^^Fig^im'aho 11 ' ^ (USi " 8 the P ro 8 ram MNDO) on 
amino bend (30°) was the minimum ' ndlcated that a sizeable out-of-plane 
stimulated another MNDO calculnt ner ® y COn ^ ormat i°n. This observation 
• dimethylnitramine shown in Fk i w E? 0na sim P le m ^el compound, 
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Fig. 9. The only reported example of a nitramine incorporated into a three metnbered 
aziridine ring (only a portion of the full molecule is shown here); the amino bend is 59°, 
which is the highest yet reported. 
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Fig. 11. The dimethylnitiamine molecule. 



Fig. 12. A scattergram display of the amino C-N-C bond angle and the amino bend (in 
degrees, see Fig. 6 for definition) of the nitramino group, as observed in more than 60 X-ray 
structural determinations. The curved line represents the best fit to the data by a second- 
degree polynomial function. 
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Fig. 13, A scattergram display of the N-N distance (in A) and the amino bend (°) of the 
nitramino group. 



V. Nitroolefins 



There have been a number of investigations involving the study of ni- 
troolefins as useful intermediates in the synthesis of energetic materials. A 
characteristic of many of them is a large twist about the double bond. 
Interest in the structural characteristics that accompany the rotation moti- 
vates a discussion of details. As would be expected, the rotation out of the 
normal planar conformation is associated with spatial crowding. Figure 14 
illustrates some of the largest out-of-plane rotations that have been mea- 
sured and, in one case, calculated for crowded ethylenes [25]. 

In l,l-dinitro-2,2-di(dimethylamino)ethylene [26] (Fig. 15) there is a 
torsion of the N1-C1-N2 plane about the C1-C2 double bond of 51.4” 
relative to the N3-C2-N4 plane. The C1-C2 distance is 1.434(3)A. which 
is considerably longer than a typical isolated double bond length (-1.33 A) 



[27]. 

The ease with which internal rotation can take place is generally much 
greater for single than double bonds. Does the crowding stretch the dou- 
blebonded C-C distance making it closer to the single-bonded distance 
and thus facilitate the out-of-plane twist? The C-C distance will be ex- 
amined in the twisted molecules to determine whether a correlation exists 

between the torsion angle and the C-C distance. ... 

A quite useful precursor in the synthesis of twisted diaminodinitto 
olefins is l,l-diiodo-2,2-dinitroethylene [26] whose structure is shown in 
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Fig. 15. The molecular structure of l,l-dinitro-2,2-di(dimethy)amino)ethylene. The C1-C2 
bond is formally a double bond but is lengthened from the normal value (~1.33 A) to a value 
of 1.434(3) A. [A digit in parentheses following a reported value is the estimated standard 
deviation (esd) in the final digit(s) of the reported parameter and represents the error to be 
expected in repeated determinations of that parameter due to random measurement errors in 
the X-ray intensities.] 



Fig. 16. The structure of l,l-diiodo-2,2-dinitroethylene. The N2 nitro group is rotated ca. 85” 
from the best plane of the rest of the atoms (which are essentially coplanar). 






Fig. 17. The molecular structure of l,l-dinitro-2,2-di(phenylamino)ethylene. The C1-C2 
bond is lengthened to a value of 1.451(8) A. 



Fig. 18. The molecular structure of 1 ,l-dinitro-2,2-di(«-propyl)ethylene . The C1-C2 bond is 
lengthened to a value of 1.464(13) A. One propyl chain [C10-Clla-C12a] is disordered in the 
crystal, and only the major conformation is shown here. 




1. The Structural Investigation of Energetic Materials 15 

Note that the diiodo compound in Fig. 16 is not symmetric. The plane of 
one N0 2 group is essentially perpendicular to that of the other. 

An illustration of the molecule, l,l-dinitro-2,2-diphenylaminoethylene 
[26] is seen in Fig. 17. It is apparent that this molecule could be synthe- 
sized from l,l-diiodo-2,2-dinitroethylene and aniline. The dinitro plane is 
twisted 71° from the N-C-N plane at the amino end of the double bond. 
The phenyl groups are twisted 40 and 60° from the N-C-N plane. 

A structural determination of l,l-dinitro-2,2-dipropylaminoethylene 
[26] reveals a considerable twist of 87.1° about the C-C double bond (see 
Fig. 18). In this case, the C-C distance has increased by almost 0.12 A over 
the normal value. 

An extension of the C-N (nitro) bond length by approximately 0.08 A 
is associated with a large out-of-plane twist in f-butylammonium trinitro- 
methanide [28]. Figure 19 depicts the negatively charged trinitro- 
methanide moiety. In this anion, the carbon atom and two of the nitro 
groups are essentially coplanar; the third nitro group is perpendicular to 
the plane of the other atoms. In the last two examples, the changes in the 
bond lengths are considerable. 

As a final example, the steps in the synthesis [26] of a highly energetic 
compound which proceeds via a twisted olefin are indicated. The synthesis 
is once again initiated by the use of l,l-diiodo-2,2-dinitroethylene and 



Fig. 19. The structure of the anion in the f-butylammonium trinitromethanide salt. Two of the 
nitro distances are equal (1.367(2)A) and are much shorter than the third, C— N2, which is 
I.450(4)A. The third nitro group is twisted exactly 90° from the plane of the first two. 
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Fig. 21. The packing of molecules in the cocrystal of cubylcubane and 2-(r-butyl)- 
cubylcubane. The central molecule is cubylcubane; all of the surrounding molecules are 
2-(/-butyl)-cubylcubanes. The three emphasized molecules comprise the contents of one unit 
cell (the centroids of only these three lie inside the cell). 



Fig. 22. The molecular structure of cubylcubane, showing the distance measured for the short 
linkage bond by X-ray analysis of its cocrystal with 2-f-butylcubylcubane. A later investiga- 
tion of pure cubylcubane crystals gave a result for this bond of 1.475(4) A. The reason for 
this discrepancy is not entirely clear, but the standard deviations estimated for the bond lengths 
do not rule out its being a normal fluctuation caused by random experimental errors. 





Fig. 23. The molecular structure of a phenyltercubyl compound. Still higher polymers of 
cubane exist but are exceedingly difficult to crystallize. 



length of the cube edges adjacent to the linkage is 1.568(9)A and 1.553(8) 
A for all the others. The linkage distance, 1.458(8) A, is much smaller than 
that for a normal single C-C bond (-1.54 A). A shortened linkage bond 
has now been observed in four structural investigations of cubylcubane or 
its derivatives [32] and also in a study [33] of a compound containing three 
cubes linked together (Fig. 23). 

Other strained cage and ring systems appear to have reduced bond 
lengths. For example, the average cage bond length in tetra-f-butyl- 
tetrahedrane [34] is 1.485 A and the adjacent bonds have a length of 1.502 
A (Fig. 24). The average ring bond length in bicyclopropyl [35] is 1.503 A 
and the linkage bond length is 1.487 A. Three-membered ring systems 
display a shortening of C-C single bond lengths both within the rings and 



F'g 24. Bond lengths in other strained hydrocarbons. 



Tetra-t-Butyltetrahedrane 



Bicyclopropyl 




Average cage bond length 1.485 A 

Average ring bond length 1 .503 A 
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ADAMANTYLADAMANTANE - 1.578{2)A (sp^sp 3 ) 





BITOLYL - {ave. of 2det'ns) (sp^-sp 2 ) 

Fig. 25. Linkage bond lengths in hydrocarbons containing less strain. 

exo to the rings. Molecular orbital calculations are consistent with these 
observations [36]. 

Linkage bond lengths in systems that do not have angular strain may be 
compared. In adamantyladamantane [37] there is no shrinkage. Rather, 
the bond stretches somewhat with a length of 2.578(2) A (Fig. 25). In 
bitolyl [38] there are also no angular strains, although there is a twist about 
what may be considered a single bond linking the two aromatic rings 
(Fig. 25) of —38°. There is a definitive reduction of the linkage bond length 
from the normal single-bond range. The source of the shrinkage is most 
probably the influence of the aromatic rings rather than the out-of-plane 
twist. 

Syntheses have been made of energetically substituted cubanes. For 
example, 1,3,5,7-tetranitrocubane [10] (shown in Fig. 26) has been synthe- 
sized. As noted previously, its density is 1.814 g/cc. Another is the fluoro- 
dinitroethyl ester of tetracarboxycubane [36] (Fig. 27). The density is 
1.762 g/cc. An energetic ammonium perchlorate substitution of cubane 
has been made in the form of 1,4-bis-cubanediammonium perchlorate 
hydrate [40] (Fig. 28). The dashed lines in Fig. 28 represent some of the 
many hydrogen bonds that occur in the crystal whose density is 1.755 g/cc. 
An estimate of the dry density extrapolated from this work is 1.83 g/cc. It 
was obtained by subtracting the volume and mass of water from the unit 
cell contents. The volume of H z O was taken to be the same as that in liquid 
water. 



Fig. 26. The molecular structure of 1,3,5,7-tetranitrocubane; because of the packing in the 
crystal the nitro groups are not equivalent. The surroundings differ for each one, leading to 
slight (mainly torsional) differences in geometry. 



Fig. 27. The structure of the tetrakis(2-fluoro-2,2-dinitroethyl)ester of the 1, 2,4,7- 
tettacarboxylic acid of cubane. 






1,4-Bis-Cubanediammonium Perchlorate Hydrate 
Fig. 28. The molecular structure of 1,4-bis-cubanediammonium perchlorate monohydrate. 



Fig. 29. A comparison of some of the shortest and longest cubane cage distances, both of 
which occur at disubstituted cube edges. 





Elongated 1,2-substituted Cubane Bonds 
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Cubane has been fused to five-raembered heterocyclic rings (for 
Fie 29 upper panel). A point of interest in these compounds is the shrink! 
age of the common C-C bond shared by the cubyl moiety and the ring 
Its value ranges from 1.522-1.534 A. On the other hand, bulky substitu- 
tion on the cubane cage has led to observed lengthenings [31,42] of up to 
1.607 A (Fig. 29, lower panel). These results imply that cubane has a sig- 
nificant flexibility and thus can accommodate a larger variety of substitu- 
tions than may have been previously expected. 



VII. Conclusions 

In this article, a number of ways in which structure determination can serve 
the synthetic chemist have been illustrated. Questions concerning iden- 
tification, conformation, configuration, bonding, and bond distances and 
angles have been answered with a high degree of accuracy. The area of 
study of energetic materials often presents unusual circumstances in which 
the use of structural analysis is virtually indispensible for characterizing the 
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it has been shown that subtle influences such as dipole forces front remote 
substituents, solvent-association forces, and crystal-packing forces may 
produce large structural variations. Users of modeling programs should be 
aware of these considerations because if one is interested in predicting the 
features of unusual, currently unknown, molecules which lie at the fron- 
tiers of the art of chemical synthesis, there may be serious pitfalls. 

Much greater information may be forthcoming from diffraction analysts 
when it is possible to apply it readily to the determination of accurate elec- 
tron density distributions in complex materials. How soon that time will 
come is another unknown that is difficult to predict. 
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Studies of Initial Dissociation Processes in 
1,3,3-Trinitroazetidine by Photofragmentation 
Translational Spectroscopy 
Deon S. Anex, John C. Allman, and Yuan T. Lee 



I. Introduction and Overview 

Interest in the chemistry of certain N0 2 -containing molecules stems from 
the use of these compounds as energetic materials. One class of these 
materials is the cyclic nitroalkyi nitramines, an example of which is 1,3,3- 
trinitroazetidine (TNAZ). These compounds are related to the energetic 
cyclic nitramines (HMX [1] and RDX [2], for example) through the replace- 
ment of one or two nitramine groups, NN 0 2 , with geminal-dinitroaikyl 
groups, C(N0 2 ) 2 . For example the nitroalkyi nitramine analog of the 
eigbt-membered ring HMX and the six-membered ring RDX are HNDZ [3] 
and DNNC [4], respectively. The four-membered ring in this series of 
cyclic nitroalkyi nitramines is TNAZ (Fig. 1), which contains one nitramine 
and one gemwal-dinitroalkyl group. In these compounds, the inclusion 
of a geminal- dinitroalky 1 group in the place of a nitramine group serves 
to increase their oxygen content. 

Research in the field of energetic materials spans many disciplines. The 
spectrum of areas of interest extends from bulk, macroscopic fields such as 
engineering and material science to molecular dynamics, where the focus is 
on events of a truly microscopic scale. It is toward the molecular level of 
understanding that this article is focused. In order to fully understand the 
combustion of energetic materials, the details of the chemistry of the 
decomposition must certainly be understood. Issues of interest in this area 
include elucidation of the initial reaction steps, the dynamics of the dis- 
sociation, and the energy released during the reaction. Specifically, with 
respect to the current study, the effect of ring size and the substitution of 
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Fig 1 TNAZ (1,3,3-trinitroazetidine), a cyclic nitroalkyl mtramine. 
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the ge/nma/-dinitroalkyl groups for the nitramine groups are important 
issues to investigate. r 



A. Previous Work 





7 tHe , ChemiStry of the combustion of energetic materials 

information available on the thermal 
ecomposition of T NAZ was limited to studies from a single laboratory 
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2. Initial Dissociation Processes in 1,3,3,-Trinitroazetidlne & 

B. Photofragmentation Translational Spectroscopy 

More recently, emphasis has been placed on understanding the initial 
decomposition steps in several N (^-containing molecules using molecular 
beam methods [8,9]. These techniques have the advantage of addressing 
the identification of the reaction pathways and the determination of energy 
released into translation for isolated gas phase molecules. Although a 
significant portion of the combustion of energetic materials is related to 
condensed phase reactions, the understanding of the chemistry of the iso- 
lated species is certainly pertinent. First, the understanding of the initiation 
of reactions in these materials can be increased by understanding the 
primary decomposition steps. Second, there are both gas phase- and con- 
densed phase components to the combustion of these materials. Third, 
theoretical understanding of the dynamics of the decomposition begins 
with the modeling of isolated molecules. The results of the theoretical 
efforts and the molecular beam studies may be directly compared. 

The method discussed here is photofragmentation translational spec- 
troscopy. In this method, the molecule of interest is expanded from a 
nozzle into a vacuum, and then the expansion is collimated to form a 
molecular beam. The molecular beam is then crossed with the output of a 
pulsed C0 2 laser which excites the molecule of interest above the dissocia- 
tion threshold, relying on infrared multiphoton excitation to induce de- 
composition. In order to dissociate, a molecule must absorb approximately 
20 infrared photons. 

The products of the decomposition then recoil from the molecular 
beam, and those traveling in the correct direction enter the detector, 
which is placed off the axis of the molecular beam at a particular angle. In 
the detector, they are ionized, separated according to mass-to-charge ratio 
by a quadrupole mass spectrometer, and registered using ion counting 
techniques. A record of ion counts versus time from the laser excitation, 
known as the time-of-flight spectrum, reflects the time it takes for a 
particular neutral fragment of the reaction to reach the ionizer from the 
interaction region. This flight time is related to the velocity of the frag- 
ment, which in turn is related to the translational energy released in the 
reaction. 

The techniques used in these experiments have several features impor- 
tant for the study of the decomposition of energetic materials. Fust, the 
excitation step using the C0 2 laser infrared multiphoton absorption pro- 
vides a way of heating the molecule under isolated conditions. After an 
initial coherent multiphoton absorption step, the infrared photons are 
sequentially absorbed, proceeding through the high density of states region 
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. . *he molecule is excited higher and hiehet 

known as the quasicontm levels, the vibrational motions 

in * part of the molecule, but are sp^ 

Us eXety Furthermore, successive absorption and stimulated enti, 

U =the high power laser is also similar to collisional excitations 
Xdeexdtahons in the thermal excitation in the bulk phase. As a result, 
the dbrational excitation is very similar to that obtained by conventional 
heating, and the results may be directly related to decomposition stud Ies 
conducted in bulk phases. 

Second the molecules dissociate under collision-free conditions. This 
precludes the possibility of secondary bimolecular reactions. Additionally, 
the fragments travel undisturbed to the detector so their velocities reflect 
the energy released into translation during the reaction. 

Third, the fragments are detected using mass spectroscopic techniques 
which allow the identification of the chemical makeup of the reaction 
products. This identification is aided by the fact that the products from 
different reaction channels tend to have different velocity distributions and 
shapes in the time-of-flight spectrum, which allows the determination 
of the identity of all the daughter ions corresponding to a particular pa- 
rent. The mass spectrometer is also a universal detector, not requiring any 
prior knowledge of the composition, spectroscopy, or internal energy of a 
fragment. 

The interpretation of the data obtained from photofragmentation trans- 
lational spectroscopy, the time-of-flight spectrum, is aided by considering a 
Newton diagram (Fig. 2). In the experiment, the measured velocities are in 
the laboratory reference frame, rather than in the molecular (center-of- 
mass) frame It is the velocity in the center-of-mass frame (from which the 

meaXi hT ° f the fra 8 ment « derived) that is of interest. The 

beam ' S vector ‘ al sum of the initial molecular 

velocity of the re C f fineS the velocit y of the center of mass) and the 
ton diagram is a S? 8 f , ragments in the center-of-mass frame. The New- 
The Newton diapr^ 3 P resentation °f this summing of velocities, 
present investigation a ^ -ink i^ 8 ' 2 has veloc *ties pertinent to the 

experimental results At tlT h 6 referred to later in the discussion of the 
vector, labeled V K 6 ottom °f the diagram extending upward is a 

(the spread in velocities rm^ 60 . 11 " 8 the avera S e molecular beam velocity 
>ty). Extending from tteX TIv 8 t0 r ° Ughly 20% is °™«ed for simple 
the velocity of a fragment LoiW VCC t° r lS a Second one that represents 
he noted that a second vector the center '°Fmass frame. It should 

section and corresponds to th P S n0t s ^ own ) that points in the opposite 
velocity of the second fragment fragment in the reaction. The 

gment is related to the velocity of the first through 
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Fig. 2. Newton (velocity vector) diagram for the decomposition of TNAZ. The vector labeled 
^beam represents the molecular beam velocity. The smaller circle represents the primary NO, 
loss channel with the illustrated center of mass velocity corresponding to the maximum energy 
released into translation, 7.2 kcal/mol, in the high fluence experiment. The larger circle 
represents the secondary loss of NOj. Again, the velocity shown is for the maximum energy 
released into translation in the high fluence experiment, 55.2 kcal/mol. The dashed lines 
indicate the molecular beam-to-detector angles and are appropriately labeled. The numbers 
are the masses of the recoiling fragments, with the underscore indicating the detected one. 

the conservation of linear momentum in the center-of-mass frame. The 
pair of products related by conservation of momentum is often referred to 
as being “momentum matched.” 

The masses used in calculating the velocity of the indicated fragment in 
Fig. 2 were 146 and 46 amu, which correspond to the pair of fragments 
produced in the primary dissociation of TNAZ. The velocity shown is for 
the heavier fragment and was calculated for the maximum translational 
energy released in the reaction. This information was obtained from the 
analysis of time-of-flight data collected, which will be discussed later. 

The velocity vector in the laboratory frame is shown in Fig. 2 as the 
resultant vector obtained from summing the molecular beam velocity vec- 
tor and the velocity vector in the center-of-mass frame. The direction of 
the laboratory frame vector in this example is at 10° relative to the molecu- 
lar beam angle. This is the molecular beam-to-detector angle that is deter- 
mined by the placement of the detector relative to the molecular beam axis. 
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, La nnintine in all directions. The resultant vectors 
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line pointing toward the 10° molecular beam-to-detector angle represents 
he £La.o,y velocities a. which this centel-of-mass velocity » observed 
at this angle. Nolice that one such laboratory vector has been discussed 
already the one moving faster than the beam velocity. A second intersec- 
tion of the circle with the 10° line occurs at a slower laboratory velocity, 
showing that the center-of-mass velocity being considered appears at two 
laboratory velocities. 

The complete Newton diagram for the reaction is more complicated. 
First, there are a range of center-of-mass recoil velocities, not simply the 
one considered here. In the complete picture there are many circles 
centered on the tip of the molecular-beam-velocity vector, each one 
corresponding to a different velocity of recoil. The contribution of each 
velocity to the observed time-of-flight spectrum is reflected (in units of 
energy, rather than velocity) in the center-of-mass translational distribu- 
tion discussed below. Second, there may be secondary products result- 
ing from the subsequent decomposition of the primary fragments. A part 
of the Newton diagram illustrating secondary dissociation is shown in 
Fig, 2 but will be discussed later. 

The power of photofragmentation translational spectroscopy was dem- 
onstrated in the elucidation of the initial steps in RDX decomposition 
m rarC mu * d photon excitation [9]. In this study it was shown 
rnnn, W , 0 ^ COmpeUn8 pnmary ste P s were elimination of N0 2 and the triple 
mem” Aftothe" meth ylene nitramine (H 2 CNN0 2 ) frag- 

tinue to decomnn^^^ 1 ^ ° 2 . loss channel, the remaining fragment con- 

rZ mP Tf SeCOndary **-*>»* homo, and 

primary step then demm y 606 ndram ' ne produced in the concerted 

HCN and HONO in one andN 2 0 an^H CO ° StepS l ° yidd 

Later studies investigated Z ,h . ? l ° the 0ther ' 
photofragmentation translational dec0m P osition of TNAZ using 

in the following section by first d^w™^ Py ' The details are presented 
in some detail. This is followed h” l ^ e ex P er * m ental technique used 
results that include the lime.-nf m I* 3 P resentat >on of the experimental 
of high- and low-laser fluence Then^f™ collected under conditions 

en the forward convolution method of 
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analyzing the data is explained, followed by the analysis of the TNAZ 
time-of-flight spectra. Finally, the results are interpreted and discussed 
with respect to other studies. 



II. The Thermal Decomposition of TNAZ 

A. Apparatus 

A detailed description of the molecular beam apparatus used, the rotating 
source machine, is available elsewhere [10). For the present discussion a 
general outline of the salient features will be given, referring to the 
schematic diagram in Fig. 3. The important parts of the rotating source 
machine are labeled with numbers in this diagram. 

The molecular beam is formed by supersonic expansion from a heated 
oven source ( 1 ), shown in Fig. 3. The expansion is then collimated by a 
skimmer to form the molecular beam ( solid line ) as it passes from the 
source chamber (2) into the source differential region (3). From there the 
molecular beam passes through a second skimmer into the main chamber 
(4). The laser light travels in a direction perpendicular to the plane of the 
drawing in Fig. 3 and crosses the molecular beam at (5). This point is also 
on the axis of the detector, which is denoted by the dashed line. The oven 
source and separately pumped source and source-differential chambers are 
rotatable as a unit about the axis down which the laser beam travels. This 
rotation allows the molecular beam to detector angle ( 6 ) to be varied. 



Fig. 3. Schematic drawing of the molecular beam apparatus. The labeled parts are: (/) heated 
oven source, (2) source vacuum chamber, ( 3 ) source differential vacuum chamber, ( 4 ) main 
vacuum chamber, (5) crossing point of the laser beam with the molecular beam, (6) electron 
bombardment ionizer, (7) quadrupole mass spectrometer and ( 8 ) Daly ion detector. 
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From the interaction region (5), those fragments recoiling toward the 
detector travel to the ionizer ( 6 ) of the mass spectrometer In the flight 
from the interaction region to the ionizer, the reaction products separate 
according to their velocities. After ionization, the particles pass through a 
quadrupole mass spectrometer (7) where they are filtered according to 
mass-to-charge ratio before their arrival time is registered by a Daly type 
detector (S) and a multichannel scaler. 

B. Methods 

The molecular-beam source had been used previously in the study of 
the unimolecular decomposition of RDX [9]. It consists of a heated reser- 
voir for subliming the solid sample material followed by a chamber near 
the molecular beam nozzle in which gas is further heated before 
expansion. The reservoir temperature and nozzle temperature may be 
varied independently. The carrier gas enters the heated reservoir where 
the sample material is entrained, then passes through to the nozzle to form 
the molecular beam. Helium at 34 torr was used as the carrier gas. Solid 
TNAZ (Fluorochem; Azusa, CA) is recrystallized from CH 2 C1 2 and main- 
tained at 95°C in the source reservoir during the experiment while the 
nozzle is held at 105°C. The opening of the nozzle is modified to allow 

or fke Th° rnolecular beam b y expansion through a 0.5-mm diameter 
stream fmmS“ Is i ollimated by a skimmer located 2.5 cm down- 
tion of TNAZ th»t° ZZ i' S sk ' mmer * s heated to prevent the condensa- 

°P enin 8 if allowed to accumulate. From 
region and through a seer ^ passes through a differentially pumped 
The arrangernTnfoAheTldmmr^ 6 ^ 1 ^^ Sldmmer int0 the main chamber, 
gence of 1° (half angle) ‘ mmers defines the molecular beam to a diver- 

Lumonics TEA-820 ' S crossed with the output of a 

tion conditions, high and low nL ^ c 3ta are codected under two excita- 
laser light is focustd at tie cfosl ^ high fluence experiments the 
ocal length lens. From the examine the f molecular beam with a 23-cm 

Wvk’ thC ' aSer spot size at the crossing 00 h the burn marks in cellophane 
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After excitation from the laser light, molecules may decompose and 
their fragments recoil from the molecular beam. Those fragments traveling 
down the detector axis fly 36.7 cm and then are ionized by electron bom- 
bardment (after passing through several stages of differential pumpine in 
the detector chamber), are mass selected in a quadrupole mass spectrom- 
eter, and their arrival time at the detector is registered using ion-counting 
techniques. The time-of-flight spectrum is generated by measuring ion 
counts versus time from the laser excitation using a multichannel scaler. 
The accumulated signal is then transferred to a computer for storage and 
analysis. 

The molecular beam apparatus is constructed such that the molecular 
beam source and source differential region may be rotated about the line 
upon which the laser approaches the molecular beam crossing. This is done 
so that the molecular beam-to-detector axis angle may be varied. 

To measure the velocity distribution of the TNAZ in the beam before 
dissociation, the source is rotated to send the molecular beam into the 
detector and the beam is chopped with a single shot time-of-flight wheel. 
The pulses of gas allowed through the slit in the chopper wheel travel 
22.6 cm to the ionizer in the detector. The time-of-flight spectrum is then 
measured in the usual way (as described above) and the velocity distribu- 
tion obtained is used in the analysis of the time-of-flight data from the 
laser-induced decomposition. The molecular beam time-of-flight measure- 
ments are made at several mass-to-charge ratios (daughter ions of TNAZ) 
at the beginning and at the end of each day of data collection in order to 
confirm that the beam conditions remain stable for that day. These beam 
time-of-flight measurements are also useful for collecting the mass spec- 
trum of TNAZ, determining the ion flight time through the detector, and 
for insuring that no decomposition of the compound in the molecular 
beam source occurs. 

C. Experimental Results 

From measuring the time-of-flight spectrum of a chopped molecular beam 
sent directly into the detector, it is found that the molecular beam ha;, an 
average velocity of 1.1 xlO 5 cm/sec with a velocity spread of 23 T- (full 
width). This information is used later in the analysis of the data. 

From the TNAZ mass spectrum obtained from the molecular beam 
time-of-flight measurements, it is found that the compound easily frag- 
ments upon ionization. In fact the signal at the parent mass-to-charge ratio 
(m/e= 192) was only 1% of that obtained at the most abundant pea*. °t 
NOj {m/e = 46). That the decomposition of the parent molecule was 
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36 than in the molecular beam source was 

occurring during lomzation beam time -of-flight spectrum of 

demonstrated by c0 !^^ g that of N q 2 . If the compound were decom- 
the parent mass of rce one would expect the formation of 

posing in the molecular accelerated to a higher velocity in the 

N0 - ™ S NO lZ 1lTllld“r»»decon,pos e d TNAZ (due to a 
supersonic expans [he , w0 spec i es ) an d would result in a 

in time-of-fUght spectra measured from signal at m/e =192 
theJ compared to that from m/e - 46. No such difference rs seen mdrcat- 
ing that the TNAZ emerges from the molecular beam source intact. 

The propensity of TNAZ to fragment upon ionization would also make 
one expect that the products of its decomposition would also tend to 
fragment when ionized. This expectation is borne out by the experiments 
discussed here, where care was taken to distinguish the products of the de- 
composition from the daughter ions formed by dissociation during the 
ionization of the reaction products. The first strategy is to reduce the 
laser fluence until only the first decomposition channel is observed. As 
will be shown below, at high-laser fluence the products of the reaction con- 
tinue to absorb photons and undergo further decomposition. Second, 
representative daughter ions of the reaction products are measured to 
identify the parent. Third, by applying the constraint of conservation of 
linear momentum of the two recoiling fragments, the matching of pairs of 
products to a common reaction channel can be confirmed during analysis. 

1. Low- Laser Fluence Excitation. By reducing the laser fluence to 
1.4 J/cm /pulse a single reaction channel is observed. Representative 
time-of-flight spectra under low fluence conditions are shown in Figs. 4 
mass-to-charge ratio (m/e) observed for fragments re- 
m/e - 100 (th 6 m ° CCU 31 beam ax ' s due t0 laser i ndu ce dissociation is 
timlfo flth P , aren V° n 7 ™ AZ haS a mass -to-charge ratio of 192). 
from the P K rUm for this s P ecies measured at a detector angle 7° 
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upon ionization. The solid lin^rth 0 "^ 0110 ^ by 1<>SS ° f a second N ° 2 
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Fig. 4. Time-of-flight spectrum detected at m/e = 100 and T after low-laser fluence excita- 
tion. The scattered points are the experimental data, and the solid line is a fit to the data in 
which the heavier product of Reaction 1 (primary N0 2 loss) fragments during ionization to 
yield an ion at m/e = 100. The translational energy distribution used in the fit is shown in 
Fig. 12. As in all the time-of-flight spectra shown, the average level of the background has 
been subtracted. 



Fig. 5. Time-of-flight spectrum detected at m/e = 46 (NOT) and 7° after low-laser fluence 
excitation. The scattered points are the experimental data, and the solid line is a fit using 
Reaction 1 (primary N0 2 loss) and the translational energy distribution shown in Fig. 12. The 
dashed line is the component of the fit due to the heavier product of the reaction, and the 
dotted line is the component of the fit due to the N0 2 reaction product. 
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!r”compo'n« S yielding the total fit- Time-of-flight data collected at 
m/e = 30 (NO + ) have the same shape as the m/e - 46 data and are inter- 
preted as arising from daughter ions of the two fragments of the single 
observed channel. No additional channels are seen in the m/e = 30 
data. Time-of-flight data collected at m/e = 192 show no signal, indicating 
that there is no interference in the data from TNAZ clusters. 

Additional data can be collected using the low-laser fluence at other 
angles. No additional signal is seen under these conditions. At 10° no signal 
is observed at m/e = 146 or m/e = 145. The highest mass-to-charge ratio 
with signal due to laser induced decomposition is the single channel de- 
tected at m/e = 100 with similarly shaped at m/e = 99,52,40, and 17. 
Again, a faster signal is detected at m/e = 46 and 30. (The m/e = 30 was 
also collected at 20°, and data from these wider angles was used in the 
analysis to refine the fits but are not shown here.) 

2. High-Laser Fluence Excitation. At the higher laser fluence 
(10.4 J/cm 2 /pulse) the products of the primary reaction apparently con- 
tmue to absorb photons and decompose. As in the low-fluence results, the 
highest mass-to-charge ratio showing laser induced signal is m/e = 100. 
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Fig. 6. Time-of-flight spectrum detected at m/e = 100 and 7“ after high-laser fluence excita- 
tion. The scattered points are the experimental data, and the solid line is a fit to the data in 
which the heavier product of Reaction 1 (primary N0 2 loss) fragments during ionization to 
yield an ion at m/e = 100. The translational energy distribution used in the fit is shown in 
Fig. 13. 



Fig. 7. Time-of-flight spectrum detected at m/e = 54 and 10° after high-laser fluence excita- 
tion. The scattered points are the experimental data and the solid line is a fit to them. The 
component of the fit indicated by the dashed line is the heavier product of Reaction 1 
(primary N0 2 loss) which fragments upon ionization to yield an ion at m/e = 54. The dotted 
line is the fit for the m/e = 54 ion of the heavier product of Reaction 2 (secondary N0 2 loss) 
using the translational energy distribution shown in Fig. 14. 
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Fig. g/Time-of-flight spectrum detected at m/e = 40 and 10° after high-laser fluence excita- 
tion. The scattered points are the experimental data and the solid line is a fit to them The 
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Fig. 9. Time-of-fiight spectrum detected at m/e = 46 (NO; ) and 10° after high-laser ffuence 
excitation. The scattered points are the experimental data and the solid line is a fit. The 
shorter dashed line and the dotted line are the products of Reaction 1. The longer dashed line 
and the dash-dot-dot line are the products of Reaction 2. The product of Reaction 3 
corresponding to the ejected N-NO; is indicated by the dash-dot line. 



primary and secondary steps, but also a significant daughter ion of the 
heavier counterpart also produced in these reaction channels. All compo- 
nents of the fit fall inside the envelope of the m/e = 46 data. The time-of- 
flight spectrum for m/e — 30 at 10° shown in Fig. 10. 




Fig- 10. Time-of-flight spectrum detected at m/e = 30 and H)° after lugh-laser 8^^ 
tion. The scattered points are the experimental data and the sohd line is a 
components of the fit are the same as in Fig. 9. 
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!' g „ SpeClrUm detectcd al m/e = 29 and 10 ° ^er high-laser fluence excita- 

tion. The scattered points are the experimental data and the solid line is a fit to them The 
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sured initial molecular beam velocity distribution, molecular beam angular 
divergence, angular acceptance of the detector, and the finite length of the 
ionizer. The calculated time-of-flight spectrum is shifted to account for the 
transit time of the ions from the ionizer to the ion counter and is then 
compared with the observed spectrum. The trial translational energy dis- 
tribution is then adjusted to refine the fit to the data and the procedure is 
repeated until the calculated time-of-flight spectrum matches the data. 

For the analysis of the secondary reaction channels, the forward con- 
volution technique is also used, but with additional averaging over the 
velocities of the fragmenting products of the primary reaction channel [11]. 
Here, the decomposing species are no longer traveling in a well-collimated 
molecular beam with a narrow velocity distribution. On the contrary, these 
species have recoiled from the molecular beam in all directions with 
velocity distributions defined by the primary decomposition. 

The problem is illustrated in the Newton diagram in Fig, 2. The long 
arrow extending from the tip of the vector for the primary channel center- 
of-mass velocity (discussed earlier) represents the velocity of a fragment 
produced in a secondary dissociation step. Specifically, it corresponds to 
the heavier fragment in the primary step losing a second N0 2 group. The 
velocity vector is for the heavier of the secondary fragments (with a 
molecular weight of 100 amu) recoiling with the maximum translational 
energy released, which was obtained from the analysis of the TNAZ data. 



The measured laboratory velocity is the vectorial sum of the molecular 
beam velocity, the primary velocity, and the secondary velocity. This 
resultant vector is shown by the long arrow extending from the base of the 
molecular beam velocity vector to the tip of the secondary velocity vector. 

As is true for the primary dissociation step, the secondary fragments 
recoil in all directions, so there is not a single secondary vector, but a 



family of them. The tips of the resultant vectors obtained from summing 
each of these secondary velocities with the molecular beam velocity and 
with the primary velocity all fall on the large circle in Fig. 2. As is true for 
the primary steps, the laboratory velocities corresponding to these center- 
of-mass velocities may be obtained from the intersection of these circles 
with the lines indicating the molecular beam-to-detector angles. 

The full Newton diagram is much more complicated than what is shown 
in Fig. 2. First, there is a set of secondary velocity vectors originating at the 
tip of every primary velocity vector. The circle corresponding to only one 
such set is shown. Second, although the detected laboratory velocity must 
be in the plane containing the molecular beam and detector axes (the plane 
of Fig. 2), the primary and secondary vectors may be out of this plane. For 
example, the primary step may be such that the fragment velocity is out ot 
the plane, but the secondary velocity may be such that the resultant 
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44 - in the Diane. As a result, the full Newton 

(laboratory) velocity ^ g ^ ^ the circles shown in F ,g. 2 

di T am h«mX alcuUted time-of-flight spectrum for the secondary chan, 
net hoT " tnal translational energy distribution, an average must be 
nerformed over all pnmary velocities and angles of recotl from the beam at 
well as the same instrumental parameter functions considered m the pn- 

m3 In analyzing data from an experiment on a molecule that decomposes 
via several reaction channels (including primary and secondary steps), the 
strategy is to begin with the highest mass-to-charge ratio that is observed. 
Often this is due to a single reaction channel and the translation energy 
distribution may be uniquely defined by these data. In proceeding to 
lower mass-to-charge ratios, additional reaction channels are observed as 
well as daughter ions of the previously analyzed channel. The signal from 
these channels may overlap, but since the translational distribution for one 
of the channels has already been obtained, its contribution to the signal 
may be established and the translational energy distribution for the second 
channel may be determined. This division of the signal into its components 
is further aided by the fact that different channels often appear at different 
velocities due to different amounts of energy released and to different 
masses of the fragments. As one proceeds to lower mass-to-charge ratios, 
the time-of-flight spectra become more complicated as more reaction chan- 
nels appear. By continuing the strategy of using information from the data 
obtained at higher mass-to-charge ratios to identify the signal from daugh- 
ter ions, these time-of-flight spectra may be interpreted and the new 
channels analyzed. As a check, the center of mass velocities of two frag- 
ments arising from a single reaction channel must be related through the 
conservation of linear momentum. As a result, the time-of-flight spectrum 

Aw Thif' ° f 3 pair may be calculated from the analysis of the 
used in theanai 6 ^ 1° conbrm tbat tbe correct reaction channel is being 
ions must be con l ° ^ ! ° Ut ° ther P ossibilitie s- Finally, all daughter 
tion of a particular n" W,th the makeu P of the parent, allowing identifica- 
the shape's “ LZes e t r 11 daU8hter i0ns have been collected, and 
from a common reaction product™ ° f ’ fllglU SpCCtrum indicate the y are 
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feature appears in the time-of-flight spectrum. The highest mass-to-charze 
ratio at which this feature appears is m/e = 100 (Fig. 4). The parent mass of 
TNAZ is at m/e = 192, so the m/e = 100 signal has arisen from loss of two 
N0 2 groups. That one NO 2 is lost in a laser-induced decomposition step 
and the other is lost during ionization can be proven by considering the 
momentum-matched reaction products. To do this, the m/e = 100 data are 
analyzed assuming they came from primary loss of N0 2 . The derived 
center-of-mass translational energy distribution is shown in Fig 12 This 
distribution is then used to predict the m/e = 46 time-of-flight spectrum 
which arises from the N0 2 coming from ionization of N0 2 formed in the 
reaction and appearing as a daughter ion of the heavier fragment. As is 
seen in Fig. 5, all of the signal is accounted for by the single proposed 
channel 

TNAZ > 146 + NO z (1) 

where the heavier fragment in the reaction is identified by its molecular 
weight in amu. If there were additional N0 2 loss channels, there would 
be additional signal at m/e = 46 arising from the N0 2 produced as well as 
from fragmentation of the heavier partner. Therefore, TNAZ decomposes 
by a single reaction pathway (Reaction 1) after low-fluence excitation. 
This is contrast to the high-fluence excitation, which results in sequential 
N0 2 loss. 

The shape of the translational energy distribution reveals information 
on the dynamics of the dissociation. The translational energy distribution 
shown in Fig. 12 for Reaction 1 peaks at zero kinetic energy and extends to 



Fig. 12. The translation energy distribution for primary N0 2 loss (Reaction 1) after low- 
fluence laser excitation. The distribution extends to 5.7 kcal/mol. 
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5.7 kcal/moi and corresponds to an average energy of 0.85 kcal/mol re- 
leased into translation. It should be noted that the heavier fragment 
requires a minimum of 1.3 kcal/mol released into translation to reach 7° 
As a result, the shape of the translational energy distribution below 
1.3 kcal/mol is simply an extrapolation of the rest of the curve. The N0 2 
fragment provides information down to 0.4 kcal/mol, but some of this 
signal is overlapped by signal due to the other fragment. 

The low translational energy released indicates that the reaction pro- 
ceeds via simple bond rupture. In this interpretation, there is no additional 
exit barrier to the breaking of the bond and the available energy above the 



threshold for dissociation is statistically distributed among the vibrational 
degrees of freedom in the excited molecule. The coordinate corresponding 
to the dissociation path reflects this statistical distribution of energy. It is 
exceedingly unlikely that all of the available energy will appear in transla- 
tion, thus the distribution peaks at low energy and then monotonically 
decreases to zero. As there is no barrier to the reaction, the fragments are 
not accelerated as they recoil from each other so the statistical distribution 
of energy in the dissociation coordinate is preserved in the derived trans- 
lational energy distribution. 



relI!rAT d I™" 513 *' 0 "? 1 ener gy distribution can be compared to other 
r “ 'a ‘'I by P hotofr «tation translational spectres- 
No!'loss cha^Jr^k ^'photon decomposition of RDX [9] a primary 
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Fig. 13. The translation energy distribution for primary N0 2 loss (Reaction 1) after high- 
fluence laser excitation. The distribution extends to 7.2 kcal/mol. 



Fig. 4 to Fig. 6). This is due to the depletion of the heavier primary product 
due to further infrared multiphoton dissociation. As a result, the fit to 
the primary fragment is refined using another daughter ion which has a 
better signal-to-noise ratio, m/e = 54, shown in Fig. 7. 

The first evidence of secondary dissociation appears in the time-of-flight 
spectrum of m/e — 54. This ion corresponds to a loss of a total of three 
N0 2 groups from TNAZ. Since the ion giving the m/e — 100 differs from 
the m/e = 54 ion by one N0 2 group, it is reasonable to expect that the 
faster m/e = 54 signal is due to secondary decomposition of the heavier 
fragment (produced by Reaction 1) via loss of N0 2 

146 ► l00 + NO 2 ( 2 > 



where the fragments are again denoted by their molecular weight. The 
heavier fragment of this reaction then loses another N0 2 group upon 



onization. 

The translational energy distribution derived from the secondary NO. 
oss channel is shown in Fig. 14. It extends to 55.2 kcal/mol and releases an 
iverage of 11.7 kcal/mol into translation. The shape of this curve is de- 
ined by the data collected at molecular beam-to-detector ang es o * v 
ind 20°. The importance of fitting the 20° data can be appreciated by 
considering the Newton diagram in Fig. 2. At 7 and Iff ’both primary and 
econdary channels are observed, but at 20° the secondary cfcaond 
hat is seen since the primary channel does not re ease enoug 
ranslation for the fragments to recoil to 20°. The -0 data 
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Fig. 14. The translation energy distribution for secondary N0 2 loss (Reaction 2) after hieh- 
nuence laser excitation. The distribution extends to 55.2 kcal/mol. 
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For RDX the distribution peaks at zero, but for TNAZ the peak is near 
5 kcal/mol. The RDX data may have been obscured in the low energy part 
of the secondary N0 2 loss due to the many other channels participating in 
the decomposition of this molecule. One may speculate that the secondary 
loss of N0 2 in RDX also proceeds over a small barrier, which would 
explain the noticeably higher translational energy released in the second 
N0 2 loss step compared to the first. 

All time-of-flight spectra are consistent with the sequential loss of two 
N0 2 groups as one proceeds to lower mass-to-charge ratio until m/e = 40. 
At this mass-to-charge ratio a new feature is seen in the time-of-flight 
spectrum. This feature is the fastest in any of the TNAZ time-of-flight 
measurements. A corresponding peak does not appear at m/e = 41, but it 
does appear at m/e = 39, 38, 37, and 36. This feature must therefore be 
due to C3H4 . Note that this fragment can be found in the hydrocarbon 
portion of the ring in TNAZ. That the m/e = 40 data are due to the parent 
mass of this reaction product can be demonstrated by inspecting other 
time-of-flight spectra. The m/e - 46 data (Fig. 9) show no signal as fast as 
the m/e = 40 data, showing that the fragment does not have a N0 2 group 
attached. As was already seen at m/e = 54, there is no fast signal due to 
C3H4N which could have been the parent mass of the m/e = 40 signal. By 
elimination, the m/e = 40 signal is indeed from the parent ion of the 
reaction fragment. Also noting from the other time-of-flight data that the 
fast m/e = 40 data are the fastest signal measured indicates that the C 3 H 4 
must have recoiled from something heavier than itself (as a consequence of 
the conservation of linear momentum). This suggests that the reaction 
channel is 

100 » C 3 H 4 + N 2 0 2 (3) 

The 100 amu fragment in this scheme is generated by the sequential loss of 
NO z as discussed above. 

The reaction channel that produces the C 3 H 4 is a tertiary process, the 
analysis of the detailed translational energy distributions is beyond the 
scope of the software used in the forward convolution treatment of 
the data. In addition, the information derivable from such an analysis is 
limited since the velocity of the tertiary products must be averaged o\er 
the secondary product velocity and angular distributions (which ase 
already been averaged over those of the primary). Although the exact 
shape of the translational energy distribution cannot be denved for Re- 
action 3, the maximum energy released and the qualitative s ape may 
obtained. 
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50 f r thp deri vation of the maximum energy released in the tertiary 
u First ; • I ou)d be noted how the fastest signal due to sequential deco m . 

Vnns at a riven angle arises. When the velocity vectors corresponding 
S “ a mum translational energy released in each step are m the samt 
and , he resultant vector lies along the detector angle, then th e 
Snum velocity signal is obtained, if one is interested m the max, mum 
Zl release for the final step (as is the case discussed here) one may 
simply combine the first steps into a “pseudo-primary” step and consider 
the final step as a secondary step. If the maximum energy for the pseudo- 
primary step is taken to be the sum of the primary and secondary steps and 
the masses of the two recoiling N0 2 fragments are combined and scaled to 
give the same maximum velocity observed in the primary and secondary 
decomposition, then the fastest edge of the data may be fit with a “secon- 
dary” process corresponding to Reaction 3. This is what was done to fit the 
fasterst signal in the m/e = 40 data shown in Fig. 8. The maximum energy 
released in this step is 29 kcal/mol according to this analysis. 

Also, a rough idea of the shape of the translational energy distribution 
may be obtained from the fit. If a monotonically decreasing function is 
used, there is too much slower signal. A distribution peaked away from 
zero fits much better. This implies that there is a strong repulsion between 
the recoiling fragments that accelerates them apart. 

The N0 2 signal appearing at m/e = 46 is quite useful since it must be 
consistent with the proposed reaction mechanism. Since TNAZ contains 
three N0 2 groups, almost every possible reaction channel will give rise to a 
signal at m/e = 46 for one or both fragments. An exception is the tertiary 
channel, since N 2 0 2 may not necessarily produce a signal at m/e - 46. If all 
t e m/e 46 signal is accounted for by predicting the time-of-flight spec- 
rum using information derived from signal collected at other mass-to- 
°jj-, Can be con fident that no spurious channels have been 
accounted fnr^ 1 ' on any , °k v *o us parts of the observed signal not 
eluded The seen At tS W ' U lndicate tbat another channel must be in- 

Z“ suin6eM as ,he since ,he ° f 

Figure 9 show,! a ? COm P ensate for a missing channel. 

by includl ZU It, 3 , C fT ed f ° r m/e * 46 at 10 °- The fit *» obtained 

from the N0 2 daughter ' C tv* atCd momen tum-matched N0 2 and 

can be seen ^ the Si ted" ^ ^ Primar > and sec °ndary channels. AS 
data. n, the calculated components are consistent with the observed 

Figure 10 shows the m/e - tn non • 
the same reasons cited for the w ° Th ' S signal is important for 
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because any HONO elimination will appear as fast signal at this mass- 
to-charge ratio [8 9]^ Also, evidence of nitro-nitrite rearrangement 
[5,8] followed by NO elimination would appear here. Again, the pro- 
posed mechanism is consistent with the observed data when the analysis 
of the other signals is used to predict this one. 



D. Comparison with Other Studies 

So far the discussion has focused on channels that have been observed and 
have been shown to be important in the initial decomposition of TNAZ. 
Equally important is the demonstration of what channels are not important 
and do not play a role in the initial unimolecular steps. Evidence of 
concerted dissociation of the TNAZ ring analogous to the triple concerted 
reaction in RDX would appear as the parent ion of methylene nitramine at 
m/e = 74, as well as at its fragments at m/e = 47, 44, 27, or 30. No evidence 
of additional fragments were found at any of these masses or at any of the 
likely daughter ions. There was no evidence for the molecular elimination 
of HONO. This was searched for by looking for a fast component in the 
m/e = 30 (NO + ) and m/e = 17 (OH + ) time-of-flight spectra. Inspection of 
the m/e = 162 and m/e - 116 data, which represent the heavier fragment 
of the reaction channel eliminating NO and this fragment after losing N0 2 
in the ionization step, respectively, show no evidence of this process. In 
addition, no additional channels appear at the N 2 0 or C0 2 masses. 

The conclusion drawn that the first two steps in the decomposition of 
TNAZ involve N0 2 loss agrees with the observation by Brill and co- 
workers [5] that gaseous N0 2 was the most abundant species in the initial 
phases of the thermal decomposition of bulk TNAZ. That the N0 2 concen- 
tration decreases from its initially observed level in the bulk study is 
evidence that this species is already undergoing significant secondary reac- 
tions at the time of its initial appearance; yet the surmisal that the NO, 
is a primary product is correct. Additionally, the observation that no 
methylene nitramine formation occurs agrees with the same conclusion 
drawn from the bulk study where the N 2 0/H 2 C0 pair was not present. 
However, the absence of NO as an initial product in the molecular beam 
experiment, shows that the NO observed in the bulk decomposition study 
is not due to gas phase unimolecular nitro— nitrite isomerization foi owe 
by NO loss. 

With respect to the RDX decomposition observed in the previous 
molecular beam study [9], the TNAZ decomposition is much simpler. Jn 
the TNAZ study, no concerted ring decomposition was observed anato- 
gous to what was observed in the triple-concerted reaction o 
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N0 2 fragments but cannot determine the order of their removal directly 
As a result, the reaction scheme is presented with all the possible branches 
The branch leading to the production of C 3 H 4 occurs as drawn, but other 
branches may compete. 

By examining the intermediates in the reaction scheme, one may specu- 
late on the origin of the unexplained signal in the m/e = 29 (HCCT) 
time-of-flight spectrum. For example, the intermediates produced in the 
ring opening step may reform a cyclic structure. One possibility is the 
attack of an O atom on the N0 2 group attacking the double bond. This 
would produce a six-membered ring. It is possible that such a structure 
could be the fragment, producing a species that contains the HCO species 
needed to form the m/e = 29 fragment. 



IV. Summary 

After infrared multiphoton excitation of TNAZ in a molecular beam, the 
molecule decays by a series of reaction steps. As is shown by the lower- 
laser fluence results, the sole primary reaction channel is the loss of NO z . 
Under higher fluence reaction conditions, the remaining fragment dissoci- 
ates by losing a second N0 2 fragment. After the loss of two N0 2 groups, 
the remaining fragment decomposes into C 3 H 4 and N 2 0 2 . This tertiary 
step suggests that in some of the molecules the initial N0 2 groups lost 
are from the gemi/ia/-dinitroalkyl group. There is no evidence of HONO 
elimination, nitro— nitrite rearrangement followed by NO loss, or a con- 
certed-ring scission as seen in RDX. The reaction scheme consistent with 
this experiment is summarized in Fig. 15. 

Molecular beam studies provide a useful compliment to bulk phase 
decomposition studies. The knowledge of which steps are the initial ones in 
the decomposition will allow the results of bulk phase studies to be ana- 
lyzed with an eye toward understanding the secondary bimolecular reac- 
tions and the role of condensed phase chemistry. The molecular beam 
studies are also useful in conjunction with theoretical efforts. The dyna- 
mics of TNAZ decomposition should be theoretically tractable and when 
available they will be easily tested against molecular beam results. 
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Studies of Molecular Dissociation by Means of 
Ultrafast Absorption and Emission Spectroscopy 
and Picosecond X-Ray Diffraction 
P. M. Rentzepis and B. Van Wonterghem 



I. Introduction 



Molecular dissociation is a large field that encompasses gas phase reactions 
such as the dissociation of large hydrocarbons, combustion of fuels, liquid 
phase organic and inorganic reactions, surface catalyzed reactions; practi- 
cally every molecule dissociates under the appropriate conditions. In addi- 
tion, another important process involves the rapid dissociation of energetic 
materials such as propellants and explosives. 

Even though a vast amount of research has been devoted to the under- 
standing of mechanisms of dissociation, with few exceptions (e.g., small 
molecules in the gas phase,) the dissociation mechanism of molecules and 
the structure of intermediate states and species, especially of large energet- 



ic molecules in the condensed phase, remains unknown. 

Here, experimental results are presented that suggest that the decom- 
position of haloaromatics in the condensed phase, proceeds via the triplet 
manifold. We also present data that help to identify the intermediate 
states, their kinetics, and the radicals formed as a result of the photodis- 
sociation process. Additionally, a new method, picosecond x-ray Attrac- 
tion (PXR) is described. This method is capable of time-resolved x-ra> 
diffraction in the picosecond scale and has the potential o generatm e a 
of diffraction histograms which depict, in real time, t e evo u i on o 
structure of excited states and intermediates during ecompo 
the course of a chemical or biological reaction. Processes suchasdi^n 
tion, isomerization, melting, and nucleation are but a ew 
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can be investigated by means of PXR with picosecond and subpi COse 
ond time resolution and structural definition equal to normal, cw, 
diffraction. 



II. Photodissociation of Haloaromatics 

In a most interesting research paper, Bersohn [1] observed by means of the 
angular distribution of fragments, that the iodonaphthalene dissociation 
rate was about 10 times slower than the dissociation of methyl iodide 
(0.5 ps vs. 0.07 ps, respectively). Similar experiments with a homologous 
series of bromine substituted aryl compounds exhibited smaller anisotropy 
values and corresponding longer excited state lifetimes. The comparable 
rates of the mdo compounds were two orders of magnitude larger than the 
analogous bromo compounds. This suggested that intersystem crossing 

By mranTrlf* i! ' t ” "* dissocia,io " mechanisms of these compounds 
y means of ultrafast spectroscopy, we have been able to observe tfc 
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intermediate states and measure the lifetimes of all the steps involved 
during the course of this photodissociation process (2] 

The data presented are in the form of time-resolved absorption and 
emission spectra obtained by the use of the experimental system shown in 
Fig. 1. This optical system is based upon a cw-mode-locked Nd/YAG and 
dye laser. The pulse duration can be tuned from 100 to 0.1 ps by means of 
etelons and compression techniques. 

The materials used are spectra grade and further purified by recrystal- 
lization or passing through a column of activated alumina to eliminate 
impurities to the level necessary to avoid solvent or spurious fluorescence. 
The picosecond data are recorded either via a streak camera, emission, or 
by means of imaging devices for absorption. The data are analyzed and 
plotted by a microvax computer [3], Typical time-resolved emission data 
are shown in Fig. 2 for bromoaryls which have been excited by a 266-nm, 



Fig. 2. Time-resolved emission of bromonaphthalenes in hexane at room temperature result- 
ing from excitation by a 266-nm, 10-ps pulse. The emission is within the range of 310-550 nm. 
Plots of emission intensity vs. time (ps) for: (a) 1-bromonaphthalene, (b) l-bromo-2- 
methylnaphthalene, (c) l-bromo-4-methylnaptha!ene, and (d) 2-bromonaphthalene. 
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10-ps pulse. Forchloronaphthalenes, the fluorescence lifetimes of the lowest 
electronically excited state of 1 -chloronaphthalene and 2-chloronapthal ene 
in hexane at 20°C are 2.4 and 3.3 ns, respectively. The time-resolved 
emission of hexane solutions of 1 -bromonaphthalene, l-bromo-2-methyl- 
naphthalene, and l-bromo-4-methylnaphthalene are shown in Figs. 2a- c , 
respectively. From these curves, the fluorescence lifetime of bromo- 
naphthalene is calculated to be approximately 75 ± 10 ps. The 2-bromo- 
naphthalene fluorescence lifetime (Fig. 2d) is measured to be twice as long 
as the 1-bromo analogs (i.e., 150±10ps). Note that the lifetime of 
l-(chloromethyl)naphthalene is 450 ps, which is shorter by a factor of 4 
than 1-chloronaphthalene. Similar experiments to the chloronaphthalenes 
were also performed with bromoanthracenes. These results are discussed 
and listed in Table I. 



A. Haloanthracenes 

Hexane solutions of 9-bromoanthracene and 9,10-dibromoanthracene 
were excited with a single 355-nm, 1-ps pulse. The fluorescence of 9- 
bromoanthracene displayed a biphasic decay which was resolved by using 
biexponential computer fittings. The short- and long-lifetime components 



Ta b!e K R°° m Temperature (~ 20°C) Fluorescence Lifetimes 
ot Halonaphthalenes and Haloanthracenes in Hexane 



Sample 

4, 4-dibromobiphenyl 

4-bromobiphenyl 

1-bromonaphthalene 

l-bromo-4-methylnaphthalene 

l-bromo-2-methylnaphthalene 

2*bromonaphthalene 

1- (chloromethyl)naphthalene 

2- (bromomethyl)naphthalene 

1- chloronaphthalene 

2- chloronaphthalene 
(zone refined > 99 %) 

2-chloronaphthalene 
9-bromoanthracene 
9, 10-dibromoanthracene 
z-todoanthracene 
9-iodoanthracene 
2-iodoanthracene 
^iodoanthracene 



A ( nm ) t, (ps) T f (ns) 



265 

265 

265 

265 

265 

265 

265 

265 

265 

265 

265 

355 

355 

265 

265 

355 



30 

35 

75 

80 

72 

150 

490 

n.d.“ 

2400 

3300 

3500 

100 

1300 

14 

35 

17 
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Fig. 3. Emission decay kinetics of 9-bromoanthracene dissolved in hexanes. The sample was ex- 
cited with a 355 nm pulse. 310 < !„ < 550 nm, temperature, 20°C. (a) 1-bromonaphthaJene, (b) 1- 
bromo-2-methylnaphthalene, (c) 2-bromonaphthalene in hexane. 



were determined to be 100 ps and ~3 ns, respectively. The amplitude of 
the short-lifetime component is about five times larger than that of the long 
component. A single exponential decay with a time constant of 1.3 ns was 
found to fit the decay of 9, 10 -dibromoanthracene. The data recorded by 
the streak camera and the computer fit for 9 -bromoanthracene are shown 
in Fig. 3. 

2 -Iodoanthracene and 9 -iodoanthracene in hexane were also excit ^ d 
with a single 355-nm pulse. The emission kinetic data recorde y t e 
picosecond fluorimeter are shown in Fig. 4a and b. When -10 oan 
thracene is excited with a 266-nm pulse, the fluorescence ecays ex 
ponentially with a lifetime of 14 ± 3 ps. However, when t e ^samp e is 
excited with a 355 -nm pulse, the fluorescence decay becomes biexpone - 
tial, with a short-lifetime component of 17 ± 4 ps and a long componen of 
3.4 ns. These results are shown in Fig. 4. The long- hfe component^ 
essentially the same as the lifetime of anthracene in ^ the same so . 
hexane. The amplitude ratio of the short- to the 
™as calculated to be 15:1. The 9 -iodoanthracene ' 

time was also biphasic. The short component o t e -io^ ^ 355 ^ 
40 ± 10 ps when excited with a 265-nm pulse and P« nted }Q 

excitation. A summary of the fluorescence kine ic 
Table I. 
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Fig. 5. Transient absorption spectra of 1-bromonaphthalene in hexane at room temperature 
excited with a 266-nm, 1-ps pulse, recorded at (a) 25 ps after excitation, (b) 100 ps excitation, 
(c) 500 ps after excitation. 



C. Temperature Dependence of Fluorescence Decay 

Gaseous 1- and 2-bromonaphthalene at 80°C, 1-mm Hg vapor pressure, 
was contained in an evacuated 5-mm cell attached to a glass side arm which 
housed the solid bromonaphthalene. The gaseous samples were excited 
with a 266-nm, 1-ps pulse and monitored at 330 nm to eliminate the 
excitation light and nonrelaxed fluorescence. The fluorescence lifetimes of 
both compounds in the gas phase at this temperature were found to be 
shorter than in hexane solutions at about the same temperatures. 

The gas-phase fluorescence lifetime could not be measured with the 
same time resolution as that of liquid solutions because the gas-phase 
sample contained a much smaller number of molecules in the optic pa 
°f the beam than the liquid samples. Streak camera records of the gas 
phase fluorescence decay lifetimes are shown in Fig. 6. 
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D. Discussion 

intersystem crossing ^the P redlssociation of haloaromatics proceeds via 
it is expected that spin-orbit cot! 4 ’ 5,6,7 ^ Under this mechanism, 
parameter and therefore m P would be a predominant operating 
sociation should increase from 1 inters y ste m crossing and predis- 

results presented here sunnort l' 0 ™ t0 bromo t0 i°do substituents. The 
the values of rate increase from k? proposal > however, the magnitude of 
in strict agreement with calculat' ° r °. to bromo to iodo substituents is not 
tnents and the atomic number of th" 18 ° n the s P in — °rbit matrix ele- 
the position of the substituem « Our data also show that 

t e rate of intersystem crossing Th™ 18 plays a very im P ortant role 
Tr-tln °\ 1 ‘ bromona Phthalene 8 fr ThlS 7s S ^° Wn clearl y in Table 1 f ° f 

( V f } - (T/ 75 P s ) a nd 2-bromonaphthalene 

*ne advantage of h * 

thC Same experimental conditions is that'0'°H and emission s P ectra undef 
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as 

cation of the process investigated not possible by either method alone The 
prompt nsetime of the fluorescence provides evidence that relaxation 
within the excited singlet-state manifold is completed within the resolution 
of the streak camera. The fluorescence decay lifetime determines the 
relaxation rate of the single state, however, it does not provide evidence 
for the state to which the energy is dissipated. This information is given by 
the transient absorption spectra. In fact, the decay lifetime of the fluo- 
rescence, coupled with the rate of the disappearance of the S„ * 5, 

transient absorption and risetime of the T„ < T, spectrum provides 

unequivocal proof for the pathway leading to the dissociation process. 

The transient absorption spectra monitored at selected intervals of time 
after excitation with a picosecond displays the excited state population and 
changes as a function of time. This provides an accurate means for identify- 
ing the state to which the molecule relaxed from the initially prepared 
excited state. In the case of haloaryl compounds in solution, we believe 
that within 5 ps, the excited molecule relaxes to the lowest vironic level of 
the lowest excited singlet 5! (v = O) because no hot fluorescence was 
observed after 5 ps, (i.e., at the resolution of our streak camera). The 
haloaryl compounds are known to phosphorese in low-temperature glasses 
with high quantum efficiency (—0.3 for bromo-and iodonaphthalene at 
77 K). In the gas phase, however the work of Bersohn et al. [8] has shown 
that predissociation is the primary channel for the energy dissipation and 
molecular relaxation. The key question to be answered in this study was 
the relaxation rate from S\ (v = O) and whether in nonviscous solutions 
(h = 0.5 cp) at room temperature, predissociation is the predominant 
mechanism for the energy dissipation of these aryl compounds. The com- 
bination of the time-resolved emission and the transient absorption spectra 
provided the means necessary for elucidating these processes and allow the 
proposal of a mechanism for the dissociation with a large degree of cer- 
tainty. 



1. Halonaphthalenes. The emission decay time constant of 1-bromo- 
naphthalene was measured as 75±10 ps (see Table I). From the transient 
absorption spectra at 25-, 100-, and 500-ps after excitation, as shown in 
Fig. 5(a-c), it is evident that a new state develops as the original exerted 
state decays. We attribute the spectrum observed immediately after the 
population of 5,, to Sj JE S„ transition. This is based on two mutually sup- 
porting experimental observations: first, the emission decay i ell ™ e ,s ' 
by a factor of 3, larger than the time after excitation when the absorp- 
tion spectrum was recorded, (i.e., 75 ps vs. 25 ps). eco ® ’ - 

sient absorption spectrum of bromo- is very similar to e 
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absorption spectra of chloronaphthalene, which must be the JE S n Spec 
tram since 1 -chloronaphthalene has an emission decay lifetime of 2400 ps 
The absorption spectrum of 1-bromonaphthalene, recorded 500 ps a ft er 
excitation, corresponding to several lifetimes longer than the decay % 
time of fluorescence, is assigned to etheir T n JE T, transitions, or possibly to 
the naphthyl radical. Experiments in the gas phase by Bersohn et al. M7 01 
provided strong evidence for the predissociation of bromoaryls on time 
scales much longer than the 1-ps, rotational correlation time of these 
molecules. Our solution, transient absorption spectra, at 500 ps a ft er 
excitation. Fig. 5(c), show a band with a maximum at -425 nm, in good 
agreement with the reported triplet-triplet spectra. These bear no similar- 
ity to the radical at low temperatures. We cannot, however, completely 
exclude the possibility of a radical especially in the gas phase , in view of the 
strong gas-phase evidence presented by Bersohn et al. [7], Neither can we 
assume that the gas phase and solution energy dissipation mechanisms and 
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extremely fast and, therefore, dominates intersystem crossing (ISC) from 
upper vibromc levels. In the gas phase, this is valid for 1-bromo- 
naphthalene and 2-bromonaphthalene, where the fluorescence lifetime 
in the gas phase at 80°C is less than 25 ps compared to 70 ps at 60°C and 
130 ps at 70°C for 1-bromo and 2-bromonaphthalene, respectively ’ The 
possibility of the hot fluorescence being caused by S 2 JE S 0 fluorescence 
was eliminated by the use of optical cutoff filters which removed the 
wavelength range of emission from the second excited electronic state. The 
vapor pressure of 1- and 2-bromonaphthalenes at 80°C is ~1 mm. There- 
fore, we can safely assume a collision-free condition during the lifetime of 
fluorescence. 

The mechanism proposed, based on the emission and absorption data 
presented in Fig. 2-6 and Table I, suggests that the excited singlet state 
population decays predominantly via intersystem crossing to the triplet 
state with the rates decreasing from iodo to bromo to chloro substituents. 
The triplet state does not disappear within the first 500 ps after excitation 
for the bromo and chloro substituents; the predissociation of iodo- 
anthracene also proceeds via the triplet, however, at a much higher rate. 
Halo substitution of the methyl group of the aromatics is found to increase 
the rates of intersystem crossing and predissociation. 



3 . Naphthyl Radicals. The proposed mechanism for the photodissociation of 
haloaryls via the triplet state was unequivocally proven by the observation 
of the emission spectrum of the naphthyl radical [10]. The detection of the 
naphthyl radical was achieved by the use of a two-color laser experiment. 
A sample of l-(chloromethyl)naphthalene in solution was irradiated with a 
266-nm, 1-ps pulse followed by another picosecond pulse at 355 nm. We 
should note that the 355-nm wavelength laser light is not absorbed by the 
parent molecule (Fig. 1 ,b). However, the 355-nm light was absorbed by a 
new species formed as a consequence of irradiation and subsequent dis- 
sociation of the chloromethylnaphthalene with the 266-nm, 1-ps pulse. The 
dissociation species was formed at the same rate as the disappearance of 
the triplet state of the parent species upon absorption of 355-nm light. The 
emission spectrum is reproduced in Fig. 7 ,a. This emission spectrum exhi- 
bits the typical aromatic bands in the region of 550-700 nm. All 1-X- 
methylnaphthyls (X = Cl, Br, or I,) showed the same emission spectrum 
after 266 and 355-nm laser irradiation. The 1 -X-methylnaphthyl spec*™™ 
emission of dissociation product was found to be different than the -A- 
methylnaphthyl emission spectrum (Fig. 8). However, all e en * ,s 
sion spectra (Fig. 9), and all three 2 -X-methylnaphthyl emission spectra 
(Fig. 10) were identical regardless of whether they originated ^mcWo^ 
bromo, or iodo methylnaphthalenes [11]. This is expected assuming the 
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Fig. 7. Emission spectra of the 1-naphthyl radical generated by photolysis of 1- 
(chloronieihyl)naphthalene (a) excited by a 266-nra pulse followed by a 355-nm pulse 
320 ps later; (b) using only the 266-nm pulse; (c) using only the 355-nm beam. 



Fig. 8. The same as Fig. 7 except that 2-(bromomethyl)naphthalene was used . See Fig. 7 for b, 
c; x, Br (see text). 
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Fig, 9. The same as Fig. 7 except that l-(bromomethyl)naphthalene was used. See Fig. 7 for 
a, b, c; x, Br (see text). 



Fig. 10. The same experiment as Fig. 7 except that 2-(chloromethyl)naphthalene was used 
and the delay between the 266-nm photolysis pulse and the 355-nm radical pulse was 500 ps. 
Spectra for all 2-X-(x, Cl, Br, or 1) species were identical. 
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III. Picosecond X-Ray Diffraction 



10 



A. Introduction 



Although picosecond electronic, Raman, and vibrational spectroscopy 
have been advanced m the past twenty-five years to a superb spectroscopic 
tool, the ultimate experiment would be the direct recording, in real time 
of the evolution in structure during the course of a chemical reaction! 
Probably the best, if not the only, means to achieve this goal is by time- 
resolved x-ray diffraction. We have designed and built a laboratory size 
picosecond x-ray, PXR system that is capable of generating picosecond 
x-ray pulses [11], We have also designed and built the necessary real time, 
picosecond detection equipment that allows us to achieve this goal and 
record time-resolved x-ray diffraction of ultrafast intermediates. 

Developments in lasers and x-ray optics [12] have enabled the design 
and construction of x-ray lasers [13] and the generation of short-duration 
x-ray pulses [14]. In addition to the large systems available at the National 
Laboratories and other centers; two means for tabletop picosecond x-ray 
pulse generating devices are becoming available: (1) soft x-ray emission 
from excited plasmas generated by focusing high-intensity short duration 
laser pulses onto a solid target and (2) the utilization of electron bunches 
generated by means of picosecond laser pulses to induce hard x-rays by 
striking metal anodes. A brief description of source, diagnostics, and 
means for obtaining time-resolved, picosecond, x-ray (PXR) diffraction of 
transient structures follows. 

X-rays are usually generated using thermionic electron sources. Even 
when driven by ultrashort laser pulses [15] the emitted electrons have long 
pulse widths ( > 10 ns) and are therefore not suitable for picosecond pulse 
x-ray generation. We have successfully utilized photoemission as a means 
of generating ultrashort electron bunches and subsequently picosecond 
duration x-ray pulses. Photoemission is known to have an extremely short 
response time in most materials, consequently the electron current practi- 
cally follows the laser pulse intensity envelope under the appropnate 



conditions. 

Even though the quantum efficiency for photoelectron ejection at the 
visible and ultraviolet region of the spectrum [16] from semiconductor 
cathodes such as Cs 3 Sb is 3 to 4 orders of magnitude higher than mat or 
Petals, we find that the damage threshold for Cs 3 Sfc is too low for e 
generation of high intensity electron bunches at relatively high repent, 
■ates and acceleration potentials. When one also consi ers e “ ... w 

vacuum requirements (1(T 10 ) and the depletion of cesium under 
Forr vacuum, the disadvantages become sufficient to war 
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near the photocathode surface. This eleetrodc is very i mponam (j ” 
0 f the pulse-broadening effects occur near the pholocaihode wto 
Because of the high work function of tantalum (/„ = 4 16 eV) 26A 
l0 -ps pulses with a maxrnium energy of 2 mj per pulse and a repetition 
of 1 kHz are used. 

A maximum quantum efficiency for this cathode of 4 x 10 5 j s observed 

At higher incident laser energies, plasma formation occurs resulting j — 

long current and x-ray pulses. A 3 nC-per-electron pulse was the maximum 

ch^j-gg fnr this HioHp pnnfionrcitinn <»♦ 

50 kV. 



; in very 

rrem auu a - Lay F unv 3 . /-* ^ i.w-pci -electron pulse was the maximum 
measured for this diode configuration at an accelerating voltage of 



The electrons emitted by the photocathode are subsequently acceler- 
ated to 50 kV and focused on to a toroid-shaped anode. The anode is made 
of oxygen-free, high conductivity copper and is maintained at a high 
positive potential. The electron pulses interact with the copper anode 
forcing the emission of Cu-Ka x-ray photon pulses, which exit the vacuum 
chamber through a thin beryllium-foil window. A bend germanium crystal 
monochromator disperses and focuses the x-rays onto the sample. The 
duration of the x-ray pulses is measured by a Kentech x-ray streak camera 
fitted with a low density Csl photocathode. The pulse width of the x-rays at 
50 kV anode-cathode potential difference is about 50 ps. This value is an 
upper limit for the width of the x-ray pulses because the transit time-spread 
of the streak camera has to be taken into consideration. A gold photo- 
cathode (100 A Au on 1000 A perylene) is used to record the 266-nm 
excitation laser pulses. The intensity of the x-rays is 6.2 x 10 6 photons 
cm 2 sr -1 (per pulse), and is measured by means of a silicon diode array 
x-ray detector which has a known quantum efficiency of 0.79 for 8 kV 
photons. 



The experimental system built for PXR time-resolved diffraction 
experiments is shown in Fig. 13. To increase the average x-ray power 
emitted, a high repetition rate laser source is necessary to drive the 
photocathode. This system consists of a high power NdiYLF CW-m e 
ocked laser and regenerative amplifier, based upon two Coherent Antares 
, laser heads, and is operated at a repetition rate of up to 

’8- 13). By means of a beam splitter, the pulses are separate into ' 
P art s. One part is converted to the 4th harmonic (266 nm), which is ocu 
the Photocathode generating the picosecond electron bunches. » 
with 3re acce * erat ed and focused on the anode producing x-ray . 

0 a time width of less than 70 P s - The x ' rays arC sabseque " - ator 

au a P° s hion sensitive x-ray detector by means of a Ge mono 
^natively, Laue diffraction patterns can be obtained using a a J m,a«ed 

strr be ™ The ° ,her ftac,i r ° f ,h d r«ss£« » 

ws ‘he path of the 532-nm beam and is used tor exc 




72 



P, M. Rentzepis and B. Van Woi 



'"‘'rgh'n, 




wrimenfat «!r r ^ presen,ation of the picosecond x-ray (PXR) system showing ex- 
perimental setup for time-resolved x-ray diffraction. 
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radiation sources, where the i a t! racdon experiments using synchroti 
excitation laser pulse and the C 0t Sufficient synchronization between 1 
factors for the experimental Pr ° bing Source is one of the limiti 
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ments co^ X ~ ray diffraction exn enabled us to perform picoseco 
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266-nm laser pulse: Au photocathode 

Cu Ka 1 .54 A pulse: low density Csl photocathode 



Fig. 14. Streak camera traces of the laser and x-ray pulses. 



subsequent experiments, a laser pulse impinges upon the Ge (111) crystal 
fusing lattice distortion. A picosecond x-ray pulse is synchronized to 
arrive at the sample at the same time as the laser light pulse strikes the 
surface. The spectrum recorded by the Ge (111) diffracted x-ray pulses 
re flects the changes in the structure caused by the laser interaction with the 
Cf ystal surface as a function of time. The time resolution of the experiment 
1S esse ntially equal to the time width of the x-ray pulses utilized which is 
approximately 50 ps as measured by the x-ray streak camera. The temporal 
of th ^ aser an d x-ray pulses are shown in Fig. 14. By deconvolution 

the Pulses, it is possible to achieve better time resolution. It must be 
with- ’ ^ 0Wever ’ that this is an upper limit because the transit time sprea 
jn the streak camera and photocathode must be taken into account 
the SOmew hat brief description of the PXR system has made evident 
exn f nera l as pects of this unique experimental ultrafast x-ray system. 
C? mental Procedure for time-resolved x-ray diffraction presente > 
picosp U * 3 ° n tlle P um P-probe scheme first introduced sever >ears ^ 
cre atp COnd s P ec troscopy [17], The laser in these experiments is u 
santo] P u lses and also functions as an excitation source ^ 

To detect the very weak signals of diffracted x-rays. - 
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3 Molecular Dissociation Studies 

Hetector that employs a liquid nitrogen cooled 2K x 2K CCD *rr>, 

This detector practically eliminates all dark noise, , hus malti 
to detect the equivalent of one diffracted x-ray photon p., se s 7 
This detector is shown in Fig. 15. r 

Several other types of time-resolved PXR experiments are ongoing 
including melting, crystallization, and dissociation of simple molecular 
species that will allow calibration of the PXR system and provide a data 
base necessary for subsequent large molecule diffraction experiments 
Other applications including time-resolved molecular holograph), plasma 
diagnostics, and x-ray diffraction of metastable species are also feasible 
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Computer-Aided Design of Monopropellants 

Peter Politzer, Jane S. Murray, M. Edward Grice, 
and Per Sjoberg 



I. Introduction 



The specific impulse is widely used as a means of characterizing and 
evaluating propellants and is viewed as a key measure of propellant per- 
formance [1], An energetic molecule develops thrust (or recoil force) due 
to the discharge of gaseous products when it undergoes combustion. The 
specific impulse, I s , is the integral of the thrust, per unit weight of mate- 
rial, over the time of combustion. 



Propellants are explosive materials with low rates of combustion that 
will ideally burn at uniform rates after ignition without requiring interac- 
tion with the atmosphere [1, 2]. They frequently involve several compo- 
nents, including an energetic oxidizer, a plasticizer to facilitate processing, 
and a polymeric binder. The specific impulse of such propellants is neces- 
sarily that of the composite mixture. Our focus here is on chemical and 
structural factors affecting the specific impulse of the oxidizer, which will 
be designated as a monopropellant. 

To provide some theoretical basis for this discussion, we begin with a 
simplified treatment of specific impulse based on kinetic theory, followed 
y a brief review of our methods used for computing Is ■ Specific impulse 
^sults for a large variety of compounds are presented, and characteristics 
at have been identified as favoring a high specific impulse are discussed in 
: £taiL S °me perspective on the importance of certain factors involved 
..computing l s is also given. Finally, we shall demonstrate how computa- 
desj 3 S ^ ec '^ c impulse analyses provide a starting point for the success 
'8n of high-performance propellants. 



Cht ^o fEn 



Ccp>n*h< £ 1*1 * 
All rights, of rcpfvxfcKtw® 



m any ha® 
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II. Theoretical Background 

The specific impulse, /„ is often expressed in terms of the absolute 
temperature in the combustion chamber T c , and the number of molest 
gaseous products produced per unit weight of propellant N by the si* 
plified relationship given as Eq. (1) [1). 

h ~ T'c /2 » 1/2 ( 1 ) 

This proportionality can be rationalized in the following manner based on 
kinetic theory. 

j s is directly related to the thrust that is developed by a propellant when 
it undergoes combustion; thrust is the recoil force that is produced by the 
formation and discharge of the gaseous products. 



ihnist gas discharge 



•t <0 *>0 



By Newton’s second law 

thrust = recoil force = V — (m.v , ) (2) 

idt •' 

where m, is the total mass of the molecules of type i that are formed in the 
combustion, and v x is their velocity component in the x direction. 

From kinetic theory, the kinetic energy of one mole of a gas having 
mo ecular weight M and at an absolute temperature T is 

( 3 ) 



kinetic energy = ^ rj 



tine,ic '” ergy “ ming £rom "* 



or 



Mv\ 1 

~t~2 RT 



Vjr — 



1/2 



( 4 ) 



at the combu stion reaction are assumed to be 
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Combining Eqs. (2) and (5) 



thrust = ^ 
i 




n 



( 6 ) 



; s is defined as the integral of the thrust 
over the time of combustion t c , 



per unit weight of propellant 



,-r 

Jj=0 



thrust {RT z ) l/1 






w 



2 - 
o i dt 



211/2 



dt 



where w is the weight of the propellant, After integrating 






(RT C ) 



1/2 



-y ( — 
i W 



2 \ 1/2 



( 7 ) 

(8) 



The derivation of Eq. (8) involved a number of approximations and 
assumptions (e.g., ideal behavior, uniform temperature). Its value, there- 
fore, is in roughly indicating how the specific impulse depends upon the 
combustion temperature and the quantities of product gases. It will accor- 
dingly be written simply as a proportionality 



W | 



(9) 



in which N, — is the number of moles of gas i formed during the 

combustion. 

Equation (9) can be converted to the simplified form of Eq. (1) by 
means of two rather drastic approximations: 



X = N i n (10) 

i i i 

2 »,;« 5 

Since X ( . m. = an d defining N as the total number of moles of ^ seo 
P r od Ucts per unit weight of propellant, AI=(M/h\ then introducing 
9 s ’ (10) and (11) into Eq. (9) yields Eq. (1)- 

4 - r;%‘» 10 



While 



tain | jle tlle a Pproximations represented by Eqs. (10) and (11) **5 
- y not generally valid, we have found that the results o 



En y / n0t generally valid, we have found that the results o 
tunat (1) and < 9 ) u ^ally differ by no more than 3*. It may be that for 
e cancellations of errors are occurring. 
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Our specific-impulse calculations have involved the use of th 
tionship given in Eq. (1). In the following section we discuss method^' 
determining the amounts of gaseous products m, and the comb ^ 
temperature, T; these are quantities needed to apply this formula i t UStl011 
aim to provide some perspective on the importance of various f^ 
involved in obtaining 7 S values. c 0ts 



III. Application of Specific Impulse Formula 



In order to apply Eq. (1), it is necessary to establish the identities and 

Tp emule ,an ° US gaSe ° US Pr ° dUCtS a ” d ‘° de ‘ ermine ,he “">!»» 



A. Gaseous Products 

cHo r ,^ df T r:“ 

various possible products , P ° rtl ° ns and consequently amounts of these 
tion process plus the effects^" , Up0n the stoichi °metry of the combus- 
tions may be occurring such ^ halever other equilibria and/or dissocia- 
S men as the water-gas reaction 

We use a ro r ^ + + C ° 2 03 

which products will befoTmed^L^ 6 N ,? Val Wea P ons Center [3] to predict 
ase a P° n quantitative estimate* "f u^ at ^ uant i ties ; these predictions are 
lng data Suc h as equilibrium constant CXtentS of tbese various reactions, 

* C ° mbusti0 " temperature 

pellamT s U used VOlVeS assumi ng t ha^fh^ ap>proximatiori of the combustion 
Perature so thaT' 16 ^ t0 heat the prod ° f COmb ustion of the pro- 
’ S ° that product gases to the combustion tefl- 



and 






comb = Ci 



p . gases (T c - T 0 ) 



(13) 



Tc^ro-AWcojisb 



~P, 



gases 



(14) 
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Atfcomb is the enthal Py ° f C 7 t ’ UStion ’ <?,.*« represents the total he!! 
capacity of the gaseous products, and T„ and 7 C are the initial zndT 
combustion temperatures. In Eqs. (13) and (14) it is assumed that A// 
is constant over the temperature range between 7 (1 and 7 C , and thanhe 
pressure in the combustion chamber remains constant due to a steady-state 
situation; the rates of formation and discharge of product gases are taken 
to be equal. The Naval Weapons Center program uses a less idealized 
approach to obtain the combustion temperature; for example, the temper- 
ature dependence of gaseous heat capacities is taken into account. 

AH C omb can be calculated from a knowledge of the molar heats of 
formation of the propellant and the gaseous products [Eq. (15)]. The latter 
are known [1,3], while the former can be determined in a number of ways; 
for example, a reasonable estimate can often be obtained from 



products 

^^comb — X f,i ~ ^%>rop A// p ro p 



(15) 



standard bond enthalpies plus any strain contributions. In our work, we 
compute gas phase heats of formation with the semi-empirical AMI proce- 
dure [4], and correct these for crystal effects according to a procedure 
outlined by Ritchie [5]. Equations (14) and (15) show that a high combus- 
tion temperature (and hence specific impulse) is favored by a large positive 
propellant heat of formation. 



IV. Calculated Specific Impulse Values 

We have calculated the specific impulses of a large number of molecules 
using Eq. (1) in the manner described in the previous section. To facilitate 
comparisons, our values are given relative to that of HMX (1, 1- ^ 

tefianitro- 1,3,5 ,7-tetraazacyclooctane). The results of some of these 
Nations are given in Tables I— HI. Table I lists compounds with calculate 






NO, 



0 2 N' ^ NO, 



S fi 7 mpulses at least 12% better than HMX; Tables II ^ HI ^MX, 
S CUks that a * 1-10% better, and the same or *** q| 

str Uct CtlV f ly ' The molecules in these tables encompass a framed, 
CtUra] ^Pes, including both neutral and ionic, strained and un 



82 



Peter Politzer, Jane S. Murray, M. Edward Grice, and Per s 



’Joitn 



Table I. Molecules with Estimated Specific Impulse at Least 12% Better than HMX 



Molecule 



HMX 



Relative 

h 



Molecule 



1.00 



NF, 



A 

0 2 N NHj 



Relative 

h 



1.16 



0 

II 






NOj 
1 2 




A 

N— N 
F' 'H 


1.25 


10 




1.15 


HO H 
'IT 






NOj 




A 

FjN' 'H 


1.22 


11 


HjN 


1.15 


NHj 

1 NOj 


1.20 


12 


N 

0iN_ ^p^ N0 2 

NHj 


1.14 


OjN NO, 






N— KJ NF„ 




n x 7t 


1.18 


13 


/ Ny ! 

<wA r* 


1.14 








OjN N=N 




N 

? 

OjlT 'NOj 


1.18 


14 


°aN N~ n NOj 

f 2 n^n~i«Anf 2 


1.14 












°2 n ' > ^ X 'N0 2 


1-17 


15 


°J N — <4)^NOj 
N 


1.14 


°aN NO, 


1.17 


16 


NOj 

N^\ 


1.13 



NOj 



( table continues) 
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Tabic I ( Continued ) 



Relative 

h 





Table II. Molecules with Estimated Specific Impulse 1-10% Better Than HMX 
Molecule Relative Molecule 

h 



Relative 

/ 5 




1.00 24 



0,N NH, 

X 

N— N 

r 'f 



1.09 



1.10 25 WW?' ‘ tlNFj), 1® 

no 2 
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8 



Molecule 



Relative 

h 



Molecule 



4 






A 



OjK NOj 



1.07 



35 (HjNVp C(N0 2 ) 2 



29 <HjN)jC W H C(NF 2 ) 3 1.06 



36 



NF 2 NF, 



NO, 



0 2 N — 



NO, 



NO, 




CompUt er-Aided Design of Monopropellants 

Table II ( Continued ) 



Molecule 



Relative 

U 



Molecule 



ReUrve 



« A ( ' k(N °^ 


1.02 


44 


nf 2 


Is 

1.01 


N0 2 vrr. 

< <A 

N'A 

*o 2 nf ’ 


1.01 


45 


NH, 

N 

o 2 n^ZA^no 2 


1.01 


Table III. Molecules with Estimated Specific Impulse Same as HMX or Worse. 


Molecule 


Relative 




Molecule 


Relative 

Is 
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Table III ( Continued ) 



Molecule 


Relative Molecule 

h 


Relaijv, 


F H 


0.96 56 


~~~ 




0.84 


H fll0 2 F 

A 


0 




54 


0.93 57 


0.82 


°^irT NOj 

NFj 0 

0 NFj 


9 

0.88 





1. 



cyclic and caged compounds. They are substituted primarily with NO,, 
NF 2 , and NH 2 groups. 

From an examination of the specific impulse formula [Eq. (1)1 it can be 
inferred that a high 7 S value is promoted by 

n ^ rraat ( '° n ^ dgbt 8 ase °us combustion products, since then a greater 
, ahTphiri f lS P roduced .P er “nit weight of propellant, and 
ereater^rpi ' Ve ^ ° f formation (P er unit weight), since this leads to a 
temperature^T ° ener ®^ upon com bustion and a higher combustion 

c ' 5 ^ — 1^5 

available oxveens a be P ° in H ° f specific im pulse, it is preferable that a pair of 
former cor + H ’° ^ than CO - sinC£ ^ 
latter to just one mole fromT/* ° f gaS fr ° m 46 g of prt aellant and the 
the effects of the water-on f u ams ' conclusion is not altered by 

not change the total numt? ll3r ' um ’ ^q. (12), because the latter does 
fluently .,k “S";’ ">°1 « ^ gases.) The hea, of formation is 
and in some circumstanced h^n, 0 ! ^ ' energy c °ntent” of a propellant, 
are some limitations unon th- ^ * 2 a PP ro P r i at e to do so. However there 
In Table IV are given as wd * be pointed out later, 

or HMX and ten other molemf st ° lcb ‘ometric decomposition reactions 
are assumed to go to N, and fl ^ taken from Tab!e s I-III. All nitrogens 
and fluormes to HF, while oxygens preferentially 



Table TV. Stoichiometric Oxidation Reactions and Some Properties of Cabane Derivatives 



Molecule 




Reaction 


Molecular 

weight, 

M 


n 


Relative 

AH t “ b 


Relative 

h° 


HMX 














1 


0jN w N0 > 

< N N > - 
0^N / v "NOj 


* 4C0 + 4N 2 + 4H 2 0 


296 


.041 


1.00 


1.00 


Cubanes and Azacubanes 












55 


» 8C0 2 + 4N 2 


464 


.026 


3.74 


0.97 


32 


OjN NOj 

SW 


» 8CO + 2N 2 


284 


.035 


4.14 


1.05 




N 

no 2 












20 


OjN 

> — N 

NOj 


>• 4C0 2 + 4N 2 


288 


.028 


12.28 


M2 
















U 


JsL, 


4Nj + HjO + 3CO + C0 2 


258 


• 03S 


10.V8 


1.15 



(mM r contmttirs ) 



Table IV (Continued) 



Molecule 


Reaction 


Molecular 

weight. 

M 


n 

M 


Relative 


Relative 

A" 


Others 


NO, 










46 


f "1 * 3N 2 + 3H 2 0 + 3CO 


222 


.0 32 


2.84 


1.00 




OjN' SOj 












NO, 

y 










36 


cyf— (±>~ N°2 * 4C0 2 + 2N 2 


232 


.026 


6.92 


1.03 




NO, 










37 


* ,NH 2 

ox \ 2H ’° + 2N * 


92 


.043 


2.08 


1.03 


2 8 


NFj 

+ 3N 2 + 2HF + H 2 0 

<y/~\o 2 + 3CO + H 2 


228 


.044 


1.41 


1.07 




nh 2 










4 


JSj&i * 3N 2 + 3C0 + H 2 0 

o 

»At * N 2 + CO + HF 

F' 'H 


186 


.038 


12.07 


1.20 


2 


76 


.039 


12.04 


1.25 



“These v«\uc\ are given relative to HMX (l). 

K Tt>* caWHl..i«,.l *>* 



Co! „puier-Aided Design of MonoprcpeUants m 

form H 2 0 (if hydrogens are available) and otherwise CO and C0 2 m that 
order. We use such reactions to calculate the quantity n/M in which /in the 
Bomber of moles of gaseous products and M is the molecular weight of the 
monopropellant. n/M provides a rough (and quickly determined ) estimate 
of the number of moles of gaseous products available per unit weight of 
propellant. Also included in Table IV are relative heats of formation 
obtained from calculated values in units of calories/gram. It is seen in 
Table IV that neither the n/M nor the relative A H f values follow the same 
trend as does the relative I s . 

The cubane derivatives in Table IV, 52,32,20 and 11 provide an interest- 
ing illustration of how a combination of factors determines / s . Octanitro- 
cubane 52 has a somewhat smaller A H { and a significantly smaller n/M 




v alue than does the tetranito analogue 32; thus both of these factors are in 
favor of the latter having the higher specific impulse, as is calculated to be 
the case (see Table IV). Structure 20 has a higher AH f than does 11, but the 
n /M values of this pair vary in the reverse order, as do their relative 1% 
values. 

Several key points are brought out by the results for these cubane 
derivatives. First, complete nitration of all available sites is not necessarily 
!° be sought; the presence of some hydrogens is generally very beneficial. # 
These can take up a portion of the oxygens to form water (which is one of g 
the lighter potential gaseous products) and thus more of the carbon will be > 
oxidised only to CO rather than C0 2 . The desirability of using oxygens to 
form H 2 0 and CO, as opposed to C0 2 , has already been pointed out. A 
judicious combination of N0 2 groups with NH 2 substituents or unsubsti- 
foted (hydrogen-bearing) carbons can significantly improve the specific 
impulse, as can be seen for example by comparing 55 and 32 or 20 and 11 in 
Table IV, or 4 and 16 in Table I. (In dealing with strained systems, 
however, it must be kept in mind that the simultaneous presence of NO? 
and NH 2 on adjacent tertiary carbons can sometimes introduce significant 
instability. We have analyzed this problem in detail elsewhere (6-9). 
Another important observation is that the introduction of aza nitrogens 
increases / s [compare 32 and 20].) This can be attributed to the greater 
heats of formation of the aza analogues. 
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Tetranitrotetrahedrane 36 and l-amino-2-nitrohydrazine 37 are struc 
turally dissimilar but have identical relative 7 S values of 1.03. Table ly 
shows that the former has a fairly low n/M value but a reasonably high heat 




H NH, 

N-lT ^ 
0 2 N' 'H 



37 



of formation; the reverse is true for 37. Yet, their I s values are the same 
This example emphasizes again how the interplay between two key factors 
helps to determine the specific impulse. 

It is interesting to compare RDX (46; l,3,5-trinitro-l,3,5-triazacy- 
clohexane) and l-difluoroamino-3,5-dinitro-l,3,5-triazacyclohexane (28) 
(Table IV). The latter has a calculated specific impulse approximately 1% 
better than RDX. This is evidently largely due to the increase in the 



o 2 n no, 

v 

NOj 

46 



v 

NFj 
28 



its 

beTchievLTh^ °^ gaseous P roducts per unit weight of propellant that can 
^ N ° 2 by 3n NF > • Thus ’ the standpoint of 

Soup) isTdeed h" Pr tr Ce ° f flu ° rine ’ ^ the form of the NF 2 
group) ls indeed des.rable. This will be discussed further in the next 

25 ^d' 20^ better than^f^MV* 8 ^ ' mpulse values > calculated to be 

relatively high heats of f ’ respectlvel y- Bot h of these compounds have 
y n.gh heats of formation and produce fairly large amounts of 

n 



i 



H 



jgS 

o 2 n-^V, 



,NHj 



N0 2 



A * 

S^seous products per ^ 

IV)- Our calculated results no’ 8 ! 11, 3S est i mated by stoichiometry (Tab 
°ver HMX in terms of snecifir 0 ^ ^ u i te dearly that to greatly impro' 
necessary to combine molecula ! T “ (e g ‘ ’ as in the cases of 2 and 4) it 
consequences. ar featur es that lead to each of these desire 



Aided Design of Monopropellams 

l Comp u,er 

y perspectives 



In 
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calculating the specific impulses reported in Tables I-fV we have 
i Naval Weapons Center program [3] to predict the types and quanti«« 
of gaseous products formed from each particular monopropellant. Ho^ 
ever, it is possible to use simpler approaches to estimate these quantities 
We have explored the use of one such technique, which assumes that the 
products are limited to CO, C0 2 , H 2 0, N 2 , H 2 and HF [10], Except for 
fluorine-containing systems, the relative / s values calculated in this manner 
[da Eq. (1)] follow in general the same pattern as those obtained using the 
more rigorous Naval Weapons Center method for determining the profiles 
of the gaseous products. This is a useful finding, which supports our use of 
the stoichiometric n/ M ratio as a rough measure of the number of moles of 
gaseous products per unit weight propellant. 

The relative specific impulse is also not highly sensitive to the method 
used for obtaining the heat of formation. For example, the trends in l s 
observed in Tables I— III are in general well reproduced using heats of 
formation computed with the AMI procedure alone without the correction 
for crystal effects. 

As mentioned earlier, the heat of formation of a molecule is often 
viewed as a measure of its energy content. It is important to recognize, 
however, that A H { is actually a change in enthalpy, and thus depends upon 
the initial (i.e., reference) systems as well as the molecule of interest. Thus 
a fluorine-containing compound may have a rather low A H f because it is 
relative to very weakly bonded F 2 , and yet may release considerable 
energy upon decomposition if this produces the strongly bonded HF. In 
such a case, it can be misleading to take A H { as an indicator of available 
w «gy. For example, Table IV shows that A H f of RDX (46) is twice as 

8^at as that of l-difluoroamino-3,5-dinitro-l,3,5-triazacyclohexane ( 

fle the latter does have a better n/M ratio, by a factor of 1.4, ft 
u^vertheless seem surprising that 28 has the higher specific impulse. s 
e understood, however, in terms of the F 2 /HF effect. 
n [ . ar ear lier observation that the presence of aza nitrogens is a ^ con \ 
the ( 3 larger heat of formation can similarly be explained > no i r 
alsrwk erenCe state for these is the very stable N 2 molecule^ 
a gre , etr ultimate decomposition product, the increase in f vvlt j, 
recent ^ C ? ergy COnt ent. This conclusion may seem to be inc stabilizing 
effect , WOr ^ ‘ n which we have shown that aza nitrogens a\ * vvhic j, 
We attrik° n many molecules, both strained and unstratne I > n tra- 
dictj 0n UtC to delocalization of their lone pairs [13]. T ' s re f er ence 
% es Can be res °lved, however, by recognizing that dlffe as 

* re mvolved in the two situations. The observed aza ****** 
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. , , . hv isodesmic reaction analyses, is relative to certain “standard” 
detected by N _ H ^ ag found in h 3 c- N H 2 and H 3 C-CH 3 , 

whereas heats of formation are relative to N 2 (g), H 2 (g), C(s), etc. Thus 
Z nitrogens have the attractive feature that their stabilizing influence may 
be beneficial from the standpoint of synthesis, especially in the case of 
strained systems, but yet should not impair (may indeed improve) detona- 
tion or propellant performance. 



VI. Summary 

In designing molecules to have high specific impulse values and thus to 
merit consideration as monopropellants, it is generally desirable to try to 
satisfy two key criteria: (a) combustion should lead to light gaseous pro- 
ducts, so as to maximize the number of moles of gases produced per unit 
weight of propellant; and (b) the compound should have a large positive 
heat of formation (on a weight basis), since this results in a high combus- 
tion temperature. We have presented a rationalization based on simplified 
kinetic theory arguments to justify the importance of these two factors, and 
we have further demonstrated it through a comparative analysis of our 
calculated relative i s values for a large number of molecules. To achieve 
significant improvement over HMX in specific impulse, it seems necessary 
to combine molecular features that will lead to both of the consequences 
(a) and (b). The presence of strain and aza nitrogens favors a high heat of 
formation, while the inclusion of some hydrogens and fluorines, results in 
light gases (H 2 0 and HF) being formed as combustion products. 
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I. Introduction 

The need exists for new high-energy, high-density materials with densities 
greater than 2.0 g/cm 3 and with detonation velocities (D) approaching 
10 mm/jusec. Such powerful explosives would have detonation pressures 
(P a ) greater than 400 kilobars (kbar). Known explosives 1, 3,5,7- 
tetranitro-l,3,5,7-tetraazacyclooctane (HMX, 1) and hexanitrobenzene 
(HNB,2) have densities near 2.0 g/cm 3 , detonation pressures near 400 
kbar, and detonation velocities around 9.1 to 9.5 mm/^tsec. To achieve 
greater detonation velocities and pressures explosives of higher density are 
required. 




1 2 



d 


1.90 g/cm 3 


2.0 


D 


9.1 mm/jusec 


9.4 


Pcj 


390 Kbar 


406 



calcm 6 densities and detonation velocities of unknown explobises m ^ 
SS*W with reasonable accuracy (±2 .0 5% depe.ld.ng ™ 
culaten ~ 5 )' If the molecule is known, its energy P 3 ™!* equa- 
'i»»sl m °“ Stately from its heat of formation f 

Wn below demonstrate the importance of the denst . 
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itself relative to its energy. They show that the detonation press u 
the shockwave front is proportional to the square of the density t! at 
a slight increase in density can significantly increase the energy f 
explosive. 0 a ° 

D = A<t> xn (\ + Bp 0 ) P = 4> = NM 1/2 Q'/ 2 

D = detonation velocity (Km/s) 

P = detonation pressure (Kbar) 

Po = initial density of explosive (g/cm 3 ) 

IV = moles of gaseous detonation products/g 
M = average molecular weight of detonation product gases 
Q - chemical energy of the detonation reaction (cal/g) 

A, B,K = constants 



tion to t n oh tmCtUral pa T eterS are known to maximize density. In add 
and/or tertiarTca^’ 1 ese include an optimum number of quaternai 

™ ary " ,,r08ens ’ and cond “ sed ^ Tto 
tion from acyclic ease as one proceeds in the structural alter: 

densed polycyclic (caged) The motT^ b ‘ CydiC * P oI y c y clic * c0 ' 

in polycyclic caged molecules F moiecular arrangement is foun 

shown in Table I Examples of some caged molecules ai 

The densities of the 

caged molecule comnosed^n^K^ 110 com P ound > with the corresponds 
be seen that the caeeH C Same r ‘ n S' s i ze d units, are compared. It ca 

For example, the densii nS1 ' es are higher than those of the monocycles 

doublethatofcyclobutane (0 7m A n !t (1 ' 28g/Cm3) (Refs ’ 6 ’ 7) iS ncarl 

caged hydrocarbons known i\ 1 odeca i 1 odrane is one of the most dens 
double that of the monocvcl f Refs ' 8 >9); again, its density is near! 
compared to the monocvcl ! Cy< ; opentane (°- 74 )- Adamantane, whei 
•ncrease in density; however y ^ obexane » does not show as much of a> 
arge On the other hand if on ’ P C nu mber of hydrogens removed is n° 

ve^ P c. etel fi C ° ndensed adamantanp 1 ^ 68 311 ° f the h y dr °g ens leading to th< 
is nrit tgn l5 Cant increase in den enved material diamond (d = 3.51). 1 
increLl D C ' ent t0 simply rel?!' ° bservcd - It must be noted that n 
Produce th em ° Ving six hydrogens f ydrogens t0 achieve a large density 
significantly T®“ yde <>=Men e (rf ° o 881 ™ onocydi “y doh& '"/,I5 
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Table I. Densities of Caged Hydrocarbon, 



Monocycle Density 
(g/cm 3 ) 



Caged 



0.70 



Deniity 

(g/cm’) 



1.28 
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!!• Approaches to Synthesis of Caged 
Nitramine Explosives 

Two of the most important military explosives are RDX ( 1 , 3 , 5 -trimtro- 
3 ,5-hexahydrotriazine (3) and HMX (1) (Refs. 10-17). 




3 ( RDX) 

d = 1.81 g/cm 3 
D = 8.85 mm/^e c 
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nitramines of the general fom.ni 
for HMX). If the nitramino groupi n 2 
-ed structures of the general formula 
(CHNN0 2 )„, high density, mgii energy materials should result. 

The synthesis of caged nitramine explosives may proceed by two meth- 
odologies. In one, a caged amine is prepared having the desired parent 
structure with the required number of endocychc amino groups. Thi s 
polyamine is then converted into the corresponding nitramine by an ulti- 
mate nitration process. In a second method, a reactant nitramine (acyclic 
or prepolycyclic) is cyclized to yield the caged nitramine. A combination of 
these methods would also be applicable, 

Both RDX and HMX are prepared by the first method. Reactant hexa- 
methylenetetramine (hexamine, 4) may be directly nitrated with nitric acid 
to produce a mixture of RDX and HMX (principally RDX) (Refs. 10,12). 
Another nitration procedure that employs nitric acid, ammonium 
nitrate, and acetic anhydride is used to prepare HMX (Refs. 11,17). 



These compounds are monocyclic 
(CH 2 NN0 2 )« (/I = 3 for RDX , n 4 
were placed in certain polycyclic ca 




hno 3 

{CH 3 CO) 2 0 

nh*no 3 




3 

RDX 



4 

Hexamine 



1 

HMX 



hexahvUrm* nat *° n * lexam ‘ ne structure reveals that the parent 1,3 
within the riazine and 1,3,5,7-tetraazacyclooctane ring structures e> 
leading ^0 either ^ broken selectiv ^ in the nitration proc 

tures disallow endn In ca § eci nitramine products, the stf 

Ca, !2* aUac *' ei * to ^/two'mher ,h ‘ " i,ram “° 

reaction of ethvknert^ l ° C ^ C '' C n ‘ lram > nes may be illustrated in 1 
l,3-dinitro-l,3-diazacvcln Urdmine ^ with formaldehyde to pr° d ' 

limitations when aXT"* ^ ^ l *~ 2 ^ ThlS 1 

more complex cyclic nitramines (Ref- 2 



OaNNHCHjCHjNHNO* * CHj0 HNQ 3 

HaS0 4 




5 



6 




polycydi 1 



Amine Chemistry 



fim 



the preferred approach to caged nitramine, b ug ualty Ih . 
ibWd. which departs from a caged polyamine con.am.ng the “ ire , 
umber of amino groups in the desired positions. M a 

“ The problem of polyaza caged nitramine synthesis may be reduced to 
two subproblems. First, the polyaza caged ring system must be svnthe 
sized. Second, a suitable methodology must be applied that ultimately 
introduces nitro groups on all of the endocyclic nitrogens of the cage to 
yield the caged nitramine. The problem presents several difficulties. The 
most serious one is the synthesis of the required polyamine cage: none of 
the desired polyaza structures were known for proposed target explosives 
at the time this research was initiated. A second problem is the vulnerabil- 
ity of aminal and orthoamide nitrogen structures within the cages to ring- 
opening reactions when subjected to nitration reaction conditions. The 
acidic and oxidizing medium of a nitration mixture could easily destroy 
such structures. New nitration procedures may be required. 

Target polycyclic nitramine explosives have been selected having the 
desired structural features leading to high density and energy. In the 
present discussion synthetic methodology that might lead to three target 
molecules is discussed. These are hexanitrohexaazaadamantane (7), -wurt- 
zitane (8) and -isowurtzitane (9). Calculated values (Refs. 1-5) shown 
reveal that these substances have explosive properties potentially superior 
to those of HMX (1). The name isowurtzitane is ascribed to the cage 
system 9 due to its close relationship to wurtzitane. The isomeric hydrocar- 
bons wurtzitane and isowurtzitane have the same adjacent groupings of 
atoms (six methylene bridges, six methines at bridgeheads, and three 
CHCH groups bonded through methylenes). 




* alCd ^ 9 -5 mm/yusec 

a{Ca,cd ) 434 kbar 



o^ r o 2 

02 nn\ . Z NNOj 

0 2 NN'^ nnc * 



9 

2.1 

9.4 

420 



100 
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III. Polyazaadamantanes 

More examples of azaadamantanes are known than those of anv 
other caged azapolycyclics under discussion. Although the hexaaza ^ ^ 
(7) is unknown, azaadamantane examples have been reported c SyStem 
ing one, two, three, and four endocyclic nitrogens. It should be reetnh" 
sized that for the purpose of synthesizing caged nitramine explosives o l 
those cages having nitrogen at a bridge (rather than a bridgehead) are H 

sired precursors. The synthesis of heteroadamantanes has been reviewed 
(Refs. 21,22). 

Both of the possible monoazaadamantanes are known. Three ind P 
(Refs Cn 23-S) eStl8at ° rS PrCPared 1 ' aZaadamantane (10) (1954,1956) 




10 



• 26 d 27) - Synthetic r es 

reported (Refs 28 • i j- lves °* l‘ azaa damantane have been 

* e C-iiro energetic material 3,5,7- 
pound in our laboratory auric- c e have also prepared this latter com- 
. The other isomer, “cture by x-ray crystallography, 

in 1964 (Refs. 34,35)- it th* fi 306 ^ ’ Was ^ rst P re P arec * by Stetter 
prepared that contains a nit™ ^ exam P* e °f an azaadamantane to be 
derivatives of 2-azaadamantane 8 h! bridge -. SeveraI ring-substituted 
routes (Refs. 36-42). Ve been obtained by various synthetic 



1SOCI 2 





2. [Hj 




Two of the fiv • 11 

gm^p^in^’j^^^damaman 1 ^!^ 3 ^ 3 ^^ 65 are kn ™n (1,3- and 
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12 

(Ret. 45). Mmy of U-diazaadamamane have aubseoaeml, 

been reported (Refs. 46-60). H 

2,6-Diazaadamantane (13) was first reported by Stetter and Heckel 
in 1972 (Refs. 61,62). Two other syntheses were reported in 1973 
(Refs. 63,64). 




R = 4-CH 3 Cg H4SO2 



13 



Only three of eleven possible triazaadamantanes are known (1,3,5-, 
2,4,9- and 2,4,10-isomers). Stetter was first to prepare one of these, 
7-methyl-l,3,5-triazaadamantane (14a) in 1951 (Ref. 65). The parent un- 
substituted compound 14b was obtained by Meurling in 1975 (Ref. 66). 



RC(CH 2 NH 2 ) 3 



ch 2 o 



R 

rn 

N L .N 



14a (R = CHa) 
14b (R = H) 



!l Se , Syntheses depend on the reaction of a trismethylaminomethane with 
.. a dehyde. Reaction of formaldehyde with nitromethane an 
Si (n etate in reflux ing methanol leads to 7-nitro-l,3,5-tnazaadan« 

5) (Refs. 67-76). 



ch 3 no 2 + ch 2 o + NH4OAC 




Reflux 



IS 
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One 2 , 4 , 9 -triazaadamantane derivative has been prepared. By reacti 
of hydrazine with 1 , 1 , 1 -trisacetonylethane in ethanol solvent, Q uast 

Bemeth obtained a 65% yield of l,3,5,7-tetramethyl-2,4,9-triamin 0 . 

2,4,9-triazaadamantane (16) (Refs. 77,78). Reaction of the triketone 
with ammonia gave a dioxaaminoazaadamantane derivative. Attemm 
to prepare an N ,N' ,N"-unsubstituted- 2,4,9-triazaadamantane were 

unsuccessful. 




Several 2,4 10-triazaadamantane derivatives have been prepared; they 
tris Vm 0Ft ° am '^ e structur es. The first of these reported were the 

Ste'tteMlQTOHRef 1?a ’ b prepared by 

Iran* n s tr a , bese were °btained by heating the cis- or 
Stette! also * am,d ° c y clohexane s with ethyl orthoformate at 265-270°C. 

tar manner at 30% yj^ derivativeS in 3 Simi ' 

17c could be obtain^ 1. . ' 80 ^' We found that the A-benzyl derivative 

aminocycloLx^ wb^ lgh , e K r S** (?5%) the ‘rl^-benzyl- 

structure of 17c was confimed^ 0 ™ 3 ™'* 16 dlmethyl acetal ( Ref - 81 ^ ; the 
vonnrmed by x-ray crystallography. 




I 70 (R = C6M5SU2 

Hydrogenolysi s of th k 

dium on charcoal cata|y ^ in 17c with hydrogen and j 

methvl f iazaadamanta ne I7«j s °lvent) led to the parent orthoa 

tin gave the ° f . ,7d with dimethylami. 

e ylaminotin derivative 18. Rea 
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NHCH 2 C 6 H 5 



CsH 5 CH 2 NI 




(CH 3 0 )2 CHN(CH3) 2 c 8 h s ch 



m 



NHCHzCgHs 



Ret lux CeHjCHj — T 



ZU 

17c 






17C 




of 18 with nitronium tetrafluoroborate in acetonitrile solvent produced 
2,4,10-trinitro-2,4,10-triazaadamantane 19, the first example of a caged 
nitramine. It is also the first example of a trinitro orthoamide (Ref. 81). 
Reaction of 17d in strongly alkaline medium (added aqueous sodium 
hydroxide) with nitric oxide in air also gave 19 (low yield). 



17d 




18 




NA 



17d 



,0 2’fieat t ^ mide 17d is a crystalline hygroscopic solid, stable on dry 
•taracterief C ' II is a stron g base. In solution in D 2 0 it exhi is ^ 
° Ur s.Th lC Smglet at 57.6, which is unchanged on standing tor 
r °duces C rtlo * ec ule is very sensitive to acids. Acidification o t 

Ces ‘^mediate disappearance of the 67.6 singlet and the appearance 
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of a new singlet of equal intensity at ss i 

cation-CH proton in 20. On again makinn the “ff 16 * 1 t0 . the amidiniun, 
potassium carbonate (pH9) the spectrum 8 so,uaon basic by addition of 
* presumably that of The 
. The only known adamantane , 

nng nitrogens is hexamethylenetetramine 8 (T™ *?*“ ^ endocyclic 
adamantane, 4). It is readily p re ‘!/ e TT (hexamine > 1,3,5,7-tetraaa- 
ammonia and was first described bln \? y reactlon of formaldehyde and 
aration and properties have hT ^ Butlerov in 1859 (Ref. 82). Its prep- 

% formation from formaLhvl"" 1 ?^ (Ref : 83 )‘ The ^hanis* 

L efs ' 84 ’ 85 )- Hexamineisemploved T n ammonia has been studied 
(3) and HMX ( 1 ). P y d as a reactant in the synthesis of RDX 

In summary, most of the u 

depend on condensation of an amT Syntbet * c routes to azaadamantanes 
mTth i° r ec,uiva,en t (aldehyde kefr!^ ° r a / nmonia with a carbonyl com- 
, y e " e compound, such as nitro” 6 ester ’ acetaI ) or other active 
P oyed bromo intermediates in diT?* 13 " 6 ' Th e syntheses of 10 and 13 

S m dls P la <*ment or addition reactions. 

,V> ^'yazawurtzitanes 

Only two tVDes nf 

compounds Thf azawur tzitanes are knou -> 

was first S vnth Parent hydrocarbon ’ 3 ' aza ' and 3,5,12-triaza 

S yn, tel2ed by c' Pa r, r r„rr a " e ai » ^ *«*) 

Hodakowski i„ 197 4 (Rtf. 86 ,); it! 
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’ ined by x-ray crystallography is 1 04 g/cn\ «m*< <° 

density, del;erm y e{ . 86b). scheme I) 

of adamantane J V jtane is known. 3-Azawurtzitane (26. Scheme!) 

0nly0ne H m bvKlaus and Ganter in 1980 (Ref. 87). Severajynth4rtK 
wasreP ° rt ^ were described. The oxime 23 on reduction w,«h l.thn- 
routes to 




24 



1 . Hg(OAc)2 / fyO 




2 . NaBH* / NaOH 



26 





Scheme 1 
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aluminum hydride gave the desired endo amino derivative 24 in 66 % v - 
Treatment of 24 with mercuric acetate in dimethyl sulfoxide prod 
5 -acetoxy- 3 -azawurtzitane 25 in 49% yield. By reaction of 24 with merc^ 
acetate in aqueous medium, the intermediate acetate 25 was reduced in^ 
by sodium borohydride in basic medium to yield 3-azawurtzitane 26d‘ 
rectly. The acetate 25 could be hydrolyzed to 3-aza-5-wurtzitanol (271 
which with thionyl chloride produced the 5-chloro derivative 28. Lithiu 
aluminum hydride reduction of 28 also produced 26. The jV-methyl deriv 
tive of 26 was also prepared (29), which could be oxidized to 26 with 
potassium permanganate. 



If certain endo substituents are present in the 5-position, mixtures of 

3-azawurtzitanes (such as 31 and 3(4 » 5)abeo~ 3-azawurtzitanes such 

as 32) are sometimes obtained (Scheme 2 ). For example, mercuric acetate 
tn dimethyl sulfoxide treatment of W-methyl olefin 30 produced a mixture 
of 5-acetoxy-3-methyI-3-azawurtzitane (31, 62% yield) and 4 -acetoxy- 3 - 
methyl-3(4 — + 5)abeo 3-azawurtzitane (32, 17% yield). These reac- 
10 ns are believed to proceed through an intermediate aziridinium ion 33 . 

was k "°7 f azawurtzitan e ring system, 3,5,12-triazawurtzitane 

, sn . reported from our laboratory in 1987 (Ref. 88). Several 

15 3 1 1 L Ut ? ■3’5’12-triazawurtzitanes (3,5,12-tetraazatetracyclo- 

1 3 5 trifoi-mv! °. e ^ anes ’ 40a_e ) have been obtained by condensation of 
,5-triformy lcyclohexane (38) with selected amines. 




33 

Scheme 2 







n-CaHyOH, HCI 



COa Cj H r n 



35 



M7 





The trialdehyde 38 was obtained in four steps in 60-65% overall yield 
from trimesic acid (34, Scheme 3). Esterification of 34 with 1-propanol in 
excess, by refluxing with hydrogen chloride catalyst, leads to triester 35 in 
quantitative yield. Hydrogenation of 35 in acetic acid solvent (Pt catalyst) 
yields pure cts,m-cyclohexane-l,3,5-tricarboxylate ester 36, also in quan- 
Wative yield. Reduction of ester 36 with lithium aluminum hydride m 
Jetrahydrofuran solvent produces c/s,cis-l,3,5-tris(hydroxymethyl)cyc o- 
, ne (cis,cis- 37) in 90-95% yields. Swern oxidation of trio! 37 led to 
^> c «-l,3,5-triformylcyclohexane 38 in 70% yield. The stereochemistry o 
e ’ as Wel1 as that of precursors 36 and 37, was established as cisx 
ac h case by high resolution 1 H NMR. . . - maA 

amir, E react i° n of dy,m-l, 3 , 5 -triformylcyclohexane (38) wt „ se sto 

3 ™ ln ether solvent at 25°C leads to triimines (39). and m s01 " tailine 
tiiaU 4risubst ituted-3,5,12-triazawurtzitanes 40 (Scheme )• • 

beS Urt2itanes 40a-e were obtained with methylanune.^^ 



be n , u r 4,tanes 40a -e were obtained witn meiny ‘ , ainine 
in hiL amme> 4 " met hoxybenzylamine and 4 -(dimethylamino) nz 
ac, ? (Table II) The reaction is analogous ,0 the 
’2 (CH 2 =NR or RCH=NH) leading ■ , U> ’ ^ 

tre sunn U,ed J ’3.5-hexahydrotriazines (Refs. 89 The 

su PPorted by the NMR and mass spectra and tnlrated spesT 
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39a, R = CH3 

39b, R = C2H5 

39C, R = C 6 H 5 CH2 

39d, R = 4-CH3OC6H4CH2 

396, R = 4-(CH 3 )2NC 6 H4CH 2 

391, R = (CH 3 ) 2 CH 

39g, R = (CH 3 ) 3 C 

39h, R = H 

Scheme 4 



40 a-h 



, in ,he ° rder ° f N - substi( “«°n: benzyl> 
propylamine and ^' I " e,h !' lamin0 ) b “zyl > methyl > ethyl. With iso- 
is seen in the infrared ^ lu* k?’ n ° ev * dence 0! ' the wurtzitane structure 

to CDCIj solvent '1, he T Sp “ ,ra (a ^ «° Ma »«r " 

<39f,S). Reaction of 38 with a fa'rge ‘meth^ CryS ’ a " ine ,riimi " eS 
hydroxide gave triiminr- xo„ tu 8 ot meth ylamtne over potassium 

established bv v.rav rrvc n he structure of the benzyl derivative 40c was 
In soluti ' ' , c ™ sta Hography. 

•n equilibrium with the !°' Vents> the wurtzitanes are observed to be 
,h « c °trespondtng triimines. With the benzylamines 



Compound 



3 5 ,, T • I 3ble U ' S y nth «is of 

-iiil *^£^riazawur,zi,a„es 



Mp, °C b 



wa CH — : 

40,1 C 2 He 99 64-65 c 

2 c sH s CH 2 f 50-60' 

Z 4CH 30C ( ,H 4 CH, ® 92 - 97 ' 

CH 71 91-100 

:7~ 1 00 115-129" 

i Lrude product. 

heating. "Siting point range is altribui H 

« Meltmo cd ,0 tnimine formation on 

deeo m po slU P °" u ° f crude product; attempted 

"Meltin.L attempted recrystallization caused 

re cove r yr 8P ° ,n ' aa «recry slaiUMti 

m P cnla nc or hexane (ca. 50% 
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in CDC1 3 , the equilibrium concentration of the favnr^ 

•S (reached 3 in about four hours a, 2TC, is appro™^^ ^ 
S respectively. With the methyl and ethyl w„rt zitaTC derivatrvesi, b 
conversion to the trnmine forms 39a,b ,s much more raptd and r„Jl', r 
5 the ethyl compound 40b ,n CDCI, , the half-life is approximTel 
mi „„tes; within one hour, conversion to the triimine 39b is v,n„sl,v ’ . 

nlete; in pyridine-rf 6 the conversion to the trnmine is slower, but practically 
complete within 18 hours. The methyl derivative 40a behaves like 40b also 
completely converting to its triimine 39a in CDCI 3 within 18 hours Re- 
moval of the CDC1 3 solvent from solutions of 40a, b after 18 hours produces 
an oily mixture of triimine and wurtzitane (approximately 1 : 1) as seen in 
(he rapidly determined X H NMR spectra. The solvent effect on the equilib- 
rium between 39 and 40 was examined for the 4-dimethylamino derivative 
40e in three solvents. The equilibrium concentration of 40e was found to be 
approximately 85% in CD 2 C1 2 , 70% in CDC1 3 , and 55% in CD 3 CN. 

The reaction of ammonia with c«,c«-l,3,5-triformylcyclohexane 38 
under various conditions leads to a polymeric substance, believed to be a 
polymer of the triimine 39h (R = H). At very high pH (>12), the rate of 
polymerization is slower and some of the parent 3,5,12-tria2awumitane 
4flh is believed to be present [higher pH also favors stabilization of the 
related 1,3,5-hexahydrotriazine (Ref. 85)]. Evidence for the formation of 
40h in solution is seen in the NMR spectrum of the reaction mixture 
obtained from trial 38 and ND 4 OD in D 2 0. A singlet at 65.0 is assigned to 
the 2,4,6-hydrogens since the 1 , 7 , 9 -hydrogens presumably were exchanged 
by deuterium to produce 40h -l,3,5,7,9,12-d 6 . In solutions containing 
NH 4 OH as well as ND 4 OD, this signal is seen as a doublet at 54.7 
U - 10 Hz) in 40h due to coupling between the 2,4,6- and 1 , 7 , 9 -hydrogens. 
Attempts to trap 40h as its 3,5,12-triacetyl derivative (40, R— COCH 3 ) by 
reaction with acetic anhydride or ketene in strongly basic solution met wit 
0n y partial success because of the low equilibrium concentration 0 

n er the reaction conditions. 

. * e f tion of trial 38 with phenylhydrazine or hydrazine leads to 1 
y razone derivatives. These products polymerize with great east 

r notcycUzed to 3,5, 12-triamino-3 ,5 , 12 -triazawurtzitaue derivatives 

~>6H 5 NH or NH 2 ) 

«C' 1,3,5-, riformylcyclohexane (3S) will ' 

t% u 8 . tbanobc acetic acid takes a different course. rhin0 | aim ne 
'n ,e r med ' n t thls reaction includes significant amounts 0 “ (Scherae 5). 
Ft °m meth ?’ mduding P artiall y cyclized tricyclics such as _ ( djmethvl _ 2 - 
° Xo -3 5 H hy amine ’ the final Product is a crystalline amide * tv pe of 
re^^'^atricyclotSJ.l.O^decane (42a, 41% yield); 
of an acid CCUrred between trial 38 and excess benzylamine the 

3Cld,c «m exchange resin catalyst in refluxing toluene, leading 
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41a, R = CH a 
41b, R = C 6 H s CH 2 



42a, b 



Scheme 5 



dibenzyl derivative 42b in 36% vipin 

reaction conditions employed in th ^ m ° re VIgorous acid-catalyzed 
ing to the triazawunzhanes 40 “ f C ° m P ared t0 those ** 

with an iminium ion intermediate Th^ * h ^ de . transfer in 41 - Possibly 
(42% yield), with loss of mrth i ' The P roduct 42a was also obtained 
40a (R=CH 3 ) with manpan ^ amme ’ by oxld ation of triazawurtzitane 
Oxidation occurs at the bridlf h '? Xlde at 25 ° C in chloroform solvent. 
Both of the known ™^ d fc methine - ultimat ^ fading to 42a. 
heads. These substances appear"^ mtr ° gens at brid ges, not bndge- 
adamantanes containing brir| P h ° be somevv hat less stable than aza- 
azawurtzitanes readily mtro gens. Under certain conditions the 

cage. Their syntheses include fh,/ ea u tl0nS Ieadin S to destruction of the 
addition reactions of the tvn? ^ < j ar on yhamine condensation and olefin 
tanes. the ^P^yed in the preparation of azaadaman- 



V. 



Polyazaisowurtzitanes 



1^0 

Three polyazaisowurtzitan^ 

conde 23, and hCXaaza alTd™ T knovvn ' Th ese include d 

wTa m i d S or ind >rectly, are obtaine 

parent hydrocarbon isowurStTn ^ ada mantane and wurtzi 

uzitane 43 i S unknown. 




43 
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2 H 2 NCHO + 2 (CHO) 2 



Ilf 



cm 

. N . 



h 2 o ho^y' 

pH.8-9 I \ 

HOT' H ''OH 

CHO 




Scheme 6 



4,10-Dinitro-4,10-diaza-2,6,8,12-tetraoxatetracyclo[5.5.0.0 5 9 .0 3 H Jdo- 
decane (4,10-dinitro-4,10-diaza-2,6,8,12-tetraoxaisowurtzitane. 45) has 
been prepared by Boyer and co-workers (Ref. 93). The synthesis in- 
volves two laboratory steps, starting with the condensation of formamide 
glyoxal at pH 8—9 (sodium bicarbonate buffer) to yield trans.trans- 
M-diformyl-2,3,5,6-tetrahydroxypiperazine (44, 60% yield. Scheme 6) 
(Refs. 94,95). Conversion of 44 to 45 occurs by addition of a mixture of 
44 and glyoxal trimer to sulfuric acid at 0°C, followed by addition of nitric 
a cid to produce 45 in 92% yield. The mechanism of formation of 45 is 
unknown, but may involve a diformyl isowurtzitane intermediate (45. 
N0 2 = CHO). However, when the reaction was conducted in sulfuric acid 
alone, no intermediates could be isolated. The structure of 45 was estab- 
lished by x-ray crystallography. At 100 K its density was found to be 
2,03 g/cm 3 (1.99 at 25°C by flotation), a value unusually high for a dimtra- 
mine. 

The second known azaisowurtzitane, the tetraazaisowurtzitane 2,6,-eth 
ylene-8,12-ethylene-4,10-dioxa-2,6,8,12-tetraazatetracyclo[5.5.l).0' i 

dodecane (2, 6-ethylene-8, 12-ethylene-4, 10-dioxa-2, 6, 8 ^ 2 ;^ a ^ ,S ^ 
"'urtzitane, 46) was reported by Edwards and Weiss in 1968 (Ket. vet. 

Wa s obtained in 20% yield by condensation of glyoxal "^th ethj lene- 
diamine in dilute aqueous solution buffered to pH 9 W| t a - 4 

Its structure was established by x-ray crystallography (Ref. , . r 

In aqueous ethanol solution glyoxal also reacts readily with et > ene 1 
amine and jV,fV'-disubstituted ehtylenediamines to yield other products, 
including cis- and rra«5-l,4,5,8-tetraazadecalins (47). 2 . 2 -bnmidazoti- 

dines (48) and 9,10-dioxa-l,4,5,8-tetraazaperhydroanthracenes (49). among 
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3 (CHO) 2 + 2 H 2 NCH 2 CH 2 NH 2 



H 2 0, pH 9 



Na 2 HPO< 



\>-'V 

oA-A 



46 

others (Refs. 98-106). The products obtained depend on the amine < k ■ 

tuent and the reaction conditions. When R is benzyl the princiDal 
can be trans- 47,48 or 49 When p , / ’ principal products 

S?^'SS&3;5r 

trans- forms of 47 mav be e tk°* > ^i bas been established. The cis and 
47 may be equdibrated in hot deuteriochloroform solvent. 

H R r, 

_^N_ m R R R 

a.) q-o cco 

R R R R 

D n 



47 



48 



49 



} >4>5,8-Tetraazadecalin f 47 R = m 
trans-l,4,5,8-tetranitroso-l 4 s a ’ ° ^ was n i trosa ted to produo 
reaction of the tetranitroso cntT traa f decalin (47, R = NO). Stepwisi 
traw-l,4,5,8,-tetranitro-l 4 5 » tef 3011 ” , W * tb nitric acid produce! 
from glyoxal and ethylenediamml Taazadecalin (SO) in 47% overall yielc 
x ray crystallography (d - 1^4 g/ cm 3 ) ^R S f a \ S Q^ CtUre WaS esta blish ed 



NO. 
»N ' 



N0 2 
N. 



N °2 N0 2 
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tory by a faci^cond p °ty“ a, sowurtzitane was first D re 
Polyazapolycyclic ° f glyoxal with benzylf mi n*? d *" ° Ur lab ° ra " 

y nng s y«em, 2,4,6,8 10l2-hev?K t0produceanew 

’ Xabenz yl-2,4,6,8,10,12- 
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( 1 exaazatetracyclo[5.5.0.0 5 ' 9 .0 3,1 ]dodecane (hexabcnzyihexaazamowmu 
zita ne, 51a). (Ref- 107 ) The reaction is also successful with phenyl- 
substituted benzylamines leading to derivatives 51b-g The caged product 
is unusual in that all of the endocyclic nitrogens are at bridges, with none at 
bridgeheads as in hexamine 4. 



6ArCH 2 NH 2 + 3 (CHO) 2 



HC0 2 H, pH 9,5 



8/K® 

ArCH 2 N I NCH 2 A/ 
ArCH 2 N ^ NCH 2 Ar 



ch 3 cn 



ioX 

ArCH 2 N-^11 







NCHjAr 



51a, Ar - C$Hs 
51b, Ar - 

51c, Ar = 4 -(/- CsHyjCfiH^ 
51d, Ar - 4 -CH 3 OC 6 H 4 
51e, Ar » 3 , 4 -(CH 30 } 2 C 6 H- 
51 1, Ar - 2 -CIC 6 H 4 
51fl, Ar = 4-CfCsH 4 



The new condensation reactions of amines with glyoxal to yield hexa- 
azaisowurtzitane derivatives 51 appear to be limited to benzylamine and 
certain phenyl-substituted benzylamines. Primary aliphatic amines and 
anilines usually form dicarbinolamines 52 or diimines 53 (Refs. 108-112). 
With certain arylamines, such as 2 -chloroaniline or aniline itself, one may 
obtain 52 or l,r, 2 , 2 '-tetrakis(arylamino)ethanes (Ref. 109). The con- 
densation of benzylamine with glyoxal was apparently not described 
*n the literature prior to our report (Ref. 107). However, condensa- 
tions of a-methylbenzylamine and a.a-dimethylbenzylanune with glyoxal 
have been reported to produce diimines (53, R = C^HsCHCH^ and 
C 6 H 5 C(CH 3 ) 2 , respectively) (Refs. 111,112). 

-2 HP 

2 RNH 2 + (CHOfe ► RNHCHOHCHOHNHR 

52 



rn=chch=nr 
53 (R = alkyl or aryl) 

Hexabenzylhexaazaisowurtzitane (51a) is prepared in a very facile 
ner by condensation of nearly stoichiometric quantities " 

with 40% aqueous glyoxal in aqueous acetonitrile solvent at (- n a 
catalyst (formic acid, 0.1 molar % of the amine) is required. The solution 



Compounds 


Phenyl substituent 


Mp, °C° 


Procedure A 


Trocpfinrfl r> 


51a 

51b 

51c 

51d 

51e 

51f 

51g 

a MeItino nn 


H 

4-CHj 

4-i'-C 3 H 7 

4-CH,0 

3,4-(CH 3 0) 2 

2-C1 

4-C1 

int nf nnnl.a! 1 


154-155 

172-174 

144-145 

148-150 

160-161 

208-211 

212-214 


80 

68 

24 

60 

50 

68 

46 
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64 

49 

52 

35 

11 

15 

15 



dent of the carboxylic acid catal P t ° im ' ^ yidd appears to be inde P en 
reaction is rapid and nearlv rn empioyed lf the pH is optimum. Th< 
separates from the reaction™^ Wlthm 3 few hours - Crystalline 51s 
substituted derivatives of Sla mixture ( ? 5-80% yield). Six phenyl 

cedure A in Table III s h T by this same procedure (pro 

4-methoxy, 3,4-dimethoxy, 2 U C hloro e "anV^ 1 ? 11 4 ' methyl > 4-isopropyl 
of phenyl-substituted derivatives siK ° r ° t0 P roduce g° od >' ieldi 

also be employed as a solvent in th ~ 8 Tab 6 3 )- Aqueous methanol may 
Sla-g are usually lower The viHHct reactl0n (procedure B), but yields oi 
an unoptimized modification in ™tu PI ? Cedure B listed in Table 3 are for 
rat er than adding the glyoxal sirT i 3 reactants are mixed at once 
rue anol than in acetonitrile renii' Wy ^ be reacdon is much slower in 
t0 L each completion. ’ eqU,nng several days instead of a few hours 

e hexaazaisowurtzitanp rtn 

fadu daCidSthanisthe related trfa 7 r tCm - Sl iS COnsid erably more stable 
in an rmg ° Pen ' ng in the Presence f Wu .'? zitane 40c > which undergoes very 
equifibrim such as chloroform 1 , Catalysts i even weak ones. Also, 

hexaazri Um Wlth * tS monoc y c lic form^lQ rv and acet0n itrile-£f 3 , 40c is in 
decom D osit WUrtZitaneS )w no °" the ° ther ba nd, hexabenzyl- 

rather stabte tow T° tic Solvents by NMR ~" Ce °! ec l uili brat ion nor of 
Sla, for example^ **■ in a Protic S oWents^ Z they are 

benzene, from S ' 3ble hydr °chloride In d hTc^T^ compound 
hydroxide. However s\l ^ be regene rated by tSj™ “J? 10 

acid at 50°C for an hour 0r h C ° mpletely decomposed bv h W ‘ th S ° dlUm 
chlorideforseveralhn, by treatment w '‘h 10% aceti heatln g m acetlC 
tified oils. Veral b ° urs ^ 25° C . The decompoJtion ^ in ™thylene 

” Products are uniden- 
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The structure of the 4-(methoxybenzyl)hexaazaisowurtzttane derivative 
5 ld was established by x-ray crystallography. (The crystals obtained (or Ike 
benzyl derivative 51a were twinned and less suitable for crystallographic 
analysis.) The benzyl methylene groups at N-4 and N-10 in crystalline 51d 
areexocyclic to the six-membered rings. In the five-membered rings, two 
of the methylene groups are exocyclic (at N-6 and N-I2) and two are 
endocyclic (at N-2 and N-8). In 51a-g in solution only two types of benzyl 
methylenes are seen, corresponding to those attached to the five- and six- 
membered rings (NMR data). 

All of the isolated isowurtzitanes 51a-g show similar *H and l3 C NMR 
spectra (acetone-d 6 solvent). Characteristic of the proton spectra are two 
singlets for the two types of ring cage methine protons (six total; observed 
in 4: 2 ratio near 54.0 and 3.5, respectively. Also seen in a 2:1 ratio are the 
signals for the 12 adjacent benzyl methylene protons that appear near 54.0. 

The 13 C-NMR spectra reveal two signals for the carbons of the isowurt- 
zitane ring in a 2: 1 ratio near 77.5 and 81 ppm. 

The mechanism of formation of hexabenzylhexaazaisowurtzitane (51a) 
is believed to involve a trimerization of diimine 55 (Scheme 7j. The di- 
carbinolamine precursor 54 is prepared by reaction of benzylamine with 



2 C 6 H 5 CH 2 NH a + (CHO) 2 



CgHsCHzNHCHOHCHOHNHCHjAHs 

54 



H 



54 



5 ' 6 + 

C 6 H 5 CH2N=CHCH=NCH2C 6 H5 + 2 h 2 o 



55 



2 55 



H+ S* S' 

C e H 5 CH2NCHCH=NCH 2 C6H5 — C S H S CH 2 N — -CHCt^NCt^Hs 

+ N-CH;>C 6 Hs 

c 6 h 5 c H 2 N=CHCH=NCH 2 C 6 H 5 ' # 



c 6 h s ch 2 ni 




56 



57 




Scheme 7 
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glyoxal in 50% aqueous ethanol or tetrahydrofuran, containing f 0rmk 
acid catalyst at 0 °C; the reaction is complete within a few minutes. The 
diol is isolated as a white, crystalline solid, mp 48-58 C, containing much 
water of solvation (40-50% by weight). The diimine N^'-dibenzyH^. 
ethanediimine 55 is obtained by simply dehydrating the hydrated diol 
under reduced pressure (0.1 mm, 25°C) for about an hour. Sufficient 
formic acid remains in the solvate to assure rapid and complete dehydra- 
tion of the diol to the diimine. The diol 54 and diimine 55 may readily be 
distinguished by differences in their *H-NMR spectra. The diimine reveals 
a characteristic vinyl CH signal near 68.08 in CDCI 3 . The benzyl meth- 
ylene signals appear at 84.63 and 4.78 for 54 and 55, respectively. The 
samples of 54 isolated are rather pure, except for the presence of water and 
some tetrahydrofuran or ethanol solvent. The diimine samples also contain 
water, in addition to some oligomers of 55 ^H-NMR assay). 

Diol 54 and diimine 55 are very reactive, unstable substances. At 
ambient temperature they rapidly change to brown gums within a few days; 
a low yield (3-5%) of 51a may be isolated from the gums. However, in 
solution in acetonitrile solvent containing a small amount of formic acid, 
both 54 and 55 rapidly produce 51a (50-60% yield) . The diol reacts more 
slowly than the diimine, indicating dehyration of the diol 55 to be slower 
than trimerization of 55 to form 51a. Of the total 51a formed within 
17 hours, 92% of it is formed within the first 30 minutes from diimine 55, 



but only 75% from diol 54 during this same time period, under the same 
reaction conditions. The principal side reaction appears to be polymerization 
of 55. Most diimines S3 isolated from other amines and glyoxal are stable 
materials; they do not polymerize readily nor do they self-react to pro- 
duce isowurtzitanes. Dibenzyl diimines appear to be unusual in their very 
reactive behavior to produce 51. 



The diimine trimerization to yield 51a is one of addition of a 1 , 2 -dipole to 
itself (Scheme 7) . The acyclic dimer of a diimine is a dipole , such as 56 which 
can cyclize and protonate most readily to form a five-membered ring 
monocyclic dimer (cation 57). Reaction of 57 with dimer 55 and protonation 
should lead to the bicyclic trimer 58. Intramolecular cyclization of 58 leads to 
51a after loss of two protons . 



~i!iT ln T eS ? emed , fr ° m most al dehydes and ammonia undergo a 
related entremely rapid trimerization to produce 2,4,6-trisubstituted 1,3,5- 
hexahydrotnazines. These reactions also proceed by additions of a" 
unine 1,2-dipole to itself (Refs. 89,90). The reaction of amines with alde- 
hydes to form N,N' AT- trisubstituted- 1 ,3 ,5-hexahydrotriazines has also been 
observed; amines include anilines and benzylamine. However with most 
attunes the reaction is limited to reactions with formaldehyde (Refs 113- 
H6). Only methylamine and allylamine have been observed to produce 
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I |23 4 5 , 6 -hexasubstituted- 1 ,3,5-hexahydrotriazines, and only whea/tacl' 
ing with acetaldehyde (Refs. 1 14-118). Other amines react with aldehyde* 
to produce imines RCH=NR' that do not cyclize to hexahydrotmztnev 
Diiniine 55 is such an imine. 

In the reactions of anilines with aromatic aldehydes to form Schiff bases, 
the rate-limiting step at neutral or slightly alkaline pH is dehydration of 
the carbinolamine intermediate ArNHCHOHAr' (Ref. 119). The rate of 
Schiff base formation is slower for electronegatively substituted anilines 
(Ref. 120). It has been observed in the condensation of benzylamines with 
glyoxal to form phenylsubstituted hexabenzlyhexzaazaisowurtzitanes 51 
that the rate is much slower with benzylamines bearing electronegative 
f substituents (2-0, 4-C1, 4-CH 3 0, 3,4-(CH 3 0) 2 ) than those with electron- 
releasing substituents (H, CH 3 , i-C 3 H 7 ). Nitro-substituted anilines read 
with glyoxal to form dicarbinolamines (52, R = 4-N0 2 QH 4 , 3-NO,C 6 Hj 
of very great stability which do not readily dehydrate to diimmes 53. 

To determine the effect of deuterium substitution on formation of 51a. 
another method was employed to generate glyoxal. 2,3,-Dihydroxy-1.4- 
dioxane 59, a hemiacetal derivative of glyoxal, is a very useful precursor 
that does not require the 40% aqueous solution (Ref. 121). A mixture of 59 
and benzy\am\ne-N,N-d 2 in CD 3 CN/D 2 0 with formic aci d-d 2 as catalyst 
produced 51a containing no deuterium. The yield of 51a was only 30% 
a fter 22 hours, compared to 61% when the reaction was conducted in the 
same manner and the same concentrations with benzylamine/CH 3 CN/ 

2 O and formic acid catalyst (18-hour reaction time). The reaction is 



2 C 6 H S CH 2 ND 2 



CD3CN/D 2 0/DC0 2 D 

59 

- 2(520 

C 6 H 5 CH 2 NDCHODCHOONDCH 2 C 6 Hs *- 55 ^ Sla de 



roughly twice as slow in the deuterated medium, suggesting a proton {r <ms 
er from the deuterated dicarbinolamine 60 in the rate-limiting step. e 
Pmtonation of the intermediate anions from the 1 , 2 -dipole self-reaction 
w(>, Scheme 7, for example) would be expected to occur at or near t e 
e ncounter rate. Thus, the observed deuterium isotope effect in the tor- 
m ation of 51a suggests a rate-limiting step of dicarbinolamine e >- 
dration. In related experiments, the diimine 55 was selt-con ense ui 
CH 3 CN/H 2 0/HC0 2 H and in CD 3 CN/D 2 0/DC0 2 D to yield 5ta m >9% 
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yield in both experiments (17-hour reaction time in ^ 

results also indicate that trimerization of SS to 5la is not V 

The absence of deuterium in 51a isolated from deuJ «J mitin * 
and solvents discounts mechanisms that require exchan!, / eacta nts 
methylene protons. Certain monoimines derived from benzvl, ^ a ' 
substituted benzylamines undergo 1,3-dipolar addition wi f? 6 01 * 
such as styrene or methyl maleate to form substitute th d ! polaro Philes 
122,123). These cyclizations require 

•ons. Thus, 1,3-dipolar addjr, 1X2L „f P* 
coumed as a route to 51a. It has also been observed thanLT b ' * 
related tmtne beuzylidenebeuzylamme, C 6 H s CH,N-CHr^ H T“'’ 
exchange any of its protons in CD 3 Ck)d, 0 /DCO D ‘ “ " 

in ° f 

wurtzitanes. The mechanism^ ■ 6ads t0 hexa benzylhexaazaiso- 

group is “ S heme 7 SU ^ ests that benzyl 

on ionic intermediates Most w s 1C stabilizing and activating influence 
effective for this purpose Thnc and N ' alkyl groups are much less 
butyl, are too stericallv hind, ^ groups that ar e effective, such as ten- 
“-Substituted benzvlamint»« • j° r P erba P s not sufficiently activating, 
steric effects, known to i n Iv. llm ’ nes that fail to trimerize owing to 
89,90,111,122). hlblt lmme 1,2-dipole self-reactions (Refs. 

The sco ' f 

hexaazaisowurtzitanes Sia Tn amines witb gtyoxal leading to hexabenzyl- 
certain phenyl-substituted hfxn, P f arS t0 be ]i mited to benzylamine and 

mines. The published data indicate tl,'"^’ ^ excludes “-substituted benzyla- 
toformdiimines53. Attemnts tn H most monoa mines react with glyoxal 
e nder var ious reaction condit t ion« nVei i t C f. rtain diiminesother than 55 into51 
i'r^u 51a ’ Were unsuccessful nii’ inC udlng c °nditions suitable for forma- 

; C 3H 7 , C 6 H 5 CH(CH 3 ), and fCH ^ S A Xamined incIuded S3; R = f-C* H». 
senanu C | d \ Reactions of mixtures 3 of h — the diimines were recovered 
2r iy w l ,h dlbe„z y ,d"“^ , R-r-C 4 H„ i-C, H„ 

res of amines (t-C,H NH ^ ° n ^ t0 51a an d recovered 53. Also, 
might^ S ' y0Xal lead °uly to Sla °He, 3H?NH 2 ’ se P a rately) with benzyla- 
.XK„d ,h.“ PK,ed “ Prodncc hexl “° ary,me,h 3 lami ”“ .HylMto* 
Aminl synihe,k X ^ Za,S ° WUrt2 ' tancs - However, effort, to 

2 -naphthv^ ami K ed include d furfurvlam' mCS ? f th ‘ S type were unsuccessful. 

2 -">in^mXi"h;„ 0 h Pyrid,lme,hyla '" i “' a " d 

° f these reactionMe'rrt le,hylamincaild Elycine ' c " l,,am >' la ‘ 
mostly polymeric n d not t0 isowurtzitanes nr ,. hyl . andeth yl esters; most 

dioxane 59 for 40r nC ^ StalHnemixtures 'SubstitutZ' n f9’, bUt t0 compleX ’ 

ip! 
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fhe reaction of benzylamine with 2, 3-dihydroxy- 1,4-dioxane M 

acetonitrile solvent was exam * ne ^ ' n presence of one molar equivalent of 
silver nitrate ; no acid catalyst was added . The reaction took a different course 
Instead of forming 51, 54, or 55, the dioxane ring remained unopened and 
a 9,l0-diaza-l,4,5,8-tetraoxaperhydroanthracene derivative (61a) was 
obtained (42% yield). This reaction was also observed with 4- 
pyridylmethylamine, in the absence of either silver nitrate or acid catalyst, to 
yield 61b (67% yield). The structures 61a, b are in agreement with their 
spectral data. An x-ray crystal structure determination established the 
structure of 61a. Both 61 and the related 49 exhibit cis-trcmsoid-cis ring 
stereochemistry. 




6ia, R «= c 6 h 5 ch 2 

61b, R = 4 -C s H 4 NCH 2 



e ^ ree polyazaisowurt 2 itanes described represent recently dis- 
covered ring systems. All have nitrogens at bridges, not bridgeheads. All are 
Prepared by glyoxal-amine condensations. The initial step is more efficient in 
u e red solutions near pH 9. The polyazaisowurtzitanes are significantly 
m °re stable toward acids than the known polyazawurtzitanes. 



Summary 

^aged nitramines are high-density materials, owing to the presence of 
rtrctura] features characteristic of all caged molecules not found in their 
cyclic and monocyclic analogues. The known highest energy explosives 
are those with the highest density (near 2.0 g /cm 3 ). Caged nitramines with 
a ratio of nitramine to carbon of one or less should have densities near or 
greater than 2.0. Known methods of synthesizing polycylic (caged) amines 
Wlt h endocyclic nitrogens in adamantane, wurtzitane, and isowurtzitane 
Ca & es have been reviewed in this chapter. Most synthetic routes to these 
’Materials involve condensation of ammonia, amines, or amides with an 
a Idehyde or ketone or a derivative thereof (acetal, orthoester, animals, etc. ). 
Other less frequently employed methods include olefin additions and 
halogen-amine displacement reactions. 

The desired caged nitramines have nitrogens at bridges to which the 
hitro group is attached; bridgehead nitrogens are absent. Synthesis of 
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caged mtramines most frequently involves the more ? K 

preformed polycyclic amine or amine derivative, rathe^h*' nitrati °nof a 
an acyclic mtramine precursor. However, the synthesis of Cyclizatic) nof 
involve direct nitration of a polycyclic polyaminl wit h J n,tnun “* c an 
heads, as in the formation of HMX from hev a • mtrogens at bridge, 
example the precursor cage is destroyed. Preferred^eth rf lI ! 0ugh in 4> 
tion of polycyclic amines, nitrosamines, amides or triml^f - nclude ni "a- 
amines. Most known methods of nitramine svnthe ■ . hyltln ' sub stituted 
to the synthesis of caged 

P reCUKOr d °« “» °“ur under ,he reaction °' 
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Metallacarboranes of the Lanthanide and 
Alkaline— Earth Metals' Potential High Energy Fuel 

Additives 

Rajesh Khattar, Mark J. Manning, and 
M. Frederick Hawthorne 



e organometallic chemistry of lanthanide and alkaJine-earth metaJs has 
3 ^ acte d particular attention in recent years. The elegant work of Evans 
3n co_ workers has demonstrated that the chemistry of the lanthanides 
wt the cyclopentadienyl ligand is rich and novel fl-lOj. The alkaJine- 
arth metals also form similar type of complexes with cyclopentadienyl 
igand with beautiful structural arrangements [llj. The isolobal analogy 
etween the cyclopentadienide ligand and dicarbollide ligands [12] led us 
0 explore the chemistry of the latter with the lanthanides. In this chapter, 
We describe the synthesis and characterization of the first ^-bound metal- 
3car borane incorporating the lanthanide metals. We have extended the 
chemistry of the lanthanide and the alkaline-earth metals to other anionic 
Car b°rane ligands such as [nido- 7,9-C2B 10 H 12 ] 2 ~ and isolated correspond- 
5 1 ® c/oso-metallacarborane species with unusual structural arrangements, 
/flese and related metallacarboranes are attractive candidates for use as 
'gh energy fuel additives. 



*■ Lanthanide Element Metallacarboranes 

Z^e interaction of Na 2 [nido-7,8-C 2 B 9 H n ] with Lnl 2 (Ln = Sm or Yb) in 
THE results in the precipitation of an amorphous solid whose formulation 
^ as been established as Ln(C 2 B 9 Hn)(THF) 4 [Ln = Sm (1) or Yb (2)] on 
'he basis of spectroscopic, magnetic, and complexiometric analyses 
[13,14]. Both these new complexes are extremely air- and moisture- 
sensitive and do not melt or sublime up to 200°C but can be stored under an 
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inert atmosphere for extended periods of time. Alternative! [ ^ 

2 can be prepared more cleanly and conveniently bv the thec ° m fe 
of Yb metal with either [PPN] + [c/o^- 3,1,2-T1C,B 0 H 1~ 
S’l’^rTlCaBgHn] in THF at room temperature The react" F J + l doj o- 
the synthesis of these divalent lanthanacarborane comnleZ emefor 
Eqs. 1-3. The complex with the formulation Ln(C,B H Vr w Venin 
Ln = Sm or Yb; L = THF or MeCN; * = 3 or 4) can a so be ^ ^ 
the interaction of Lnl 2 with Na 2 fmV/ 0 -7 9-C B H 1 • synthesized bv 
dicing solvent a, toon, tetnpeST [UJ X » 
structural characterization will be published elsewhere. 8 



Lnl? + 



z + NazImrfo-T.g-CzBgHn] 



THF 



c/ojo- 1 ,1 ,1 ,i-(THF) 4 -l ,2,3-LnC 2 B 9 H 11 + 2NaI (l 
Yb + 2[PPN] + [dojo-3,l,2-TlC 2 B 9 H 1 ,]” THF , 

° 1,1, 1,1 (THF) 4 -l,2,3-YbC 2 B 9 H n + 2T1° + [PPN] 2 fw4o-7,8-C 2 B 9 H u ] (2 
Yb + [Tl] + [c/o5o-3,l,2-TlC 2 B 9 H 11 ]~ thf , 

closo- 1 , 1 , 1 , 1 -(THF) 4 - 1 ,2 ,3- YbCyBgHi t + 2T1° (3 

soluble in THF bu^ar^soi^hi 11 ^ 6 COm P lexes 1 and 2 are only sparinglj 
CH 3 CN or DMF allowing th! ° ther coordinatin g solvents such a: 
The complex 1 slowly decomnn^ l ° be rep,aced b y the solvent ligand 
W aanion |Lfe S ' n ^ordinating solvents to afford the 

^hich contains no boran 2 is Wu 3S yet an uncharacter,z f 



r a emji 

no^wn monoanion [mao-7 ,8-C,B Hi- , ° ““'"~ 

speaes which contains nn'J ‘1 f nd as y et an uncharacter 
coordinating solvents. The fact th m" com plex 2 is stable in 

soluble, whereas 2 undergoes 1 [ oa a reactive with solvents in which 
coordinating solvents is consistent ,s P |acement reactions with the si 
versus Yb(II) [16], The ionic radius of the higher ^activity of Sm 
arger than the corresponding radius fn f vuf n ' C00rdinate Sm(II) is 01 

*va e nt s complex P ar /4 r s a ^ F Yb(H) [17], and as a result of it 

THfT th , a " their ytterbium analogs y , Saturated and usuaHy m 
lion: 8 ??’ 5 ' 15 3 bf0ad res onance afli 5* H ' NMR spectrum of 2 

recorded da e to THF ligan^ 3 * 0 ^ 1 CHpr ° * 

SDectmm ” 8> no Particular inform!!™ Slnce the spectrum ’ 

recordinpdf 31 lng coor dinated THF This 3 '° n k can be drawn from i 

carboranv| l CH SPCCIrUm ot 2 '» CofcN whfoh H be 

spec rum of 2 ^CDrT fr “ ™ F %>»*. 1,>. "“““f due 

HF displays a pattt 
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f resonances similar to that found in the spectrum of the known tnrmem- 
■ on [nido'l ■ The chemical shifts differ slightly from Itorot 
the monoanion; a brief exposure of a NMR sample of 2 to m/womtme 
yields the known monoanion [nido-1 fas shown by “B- 

NMR)- The solid-state IR spectra (Nujol mull) of 1 and 2 exhibit a unique 
split pattern in the region of their B-H stretch. In addition to this, the 
spectra display absorptions due to coordinated THF (1025 and 876 cm 1 
for 1; 1024 and 877 cm J for 2). In order to establish the molecular 
geometry of these complexes, an x-ray diffraction study was carried out 
[13, 14]. Suitable single-crystals of the DMF derivative of 2 were grown 
from DMF/Et 2 0 solution at room temperature over a period of I week 
and the structure was established by x-ray crystallography. 

The structure of Yb(C 2 B 9 H n )(DMF) 4 (3) is shown in Fig. 1. The ytter- 
bium ion symmetrically caps the open pentagonal face of the dicarboll ide 
ligand to generate an icosahedron and the remainder of the coordination 
sphere about the ytterbous ion is completed by four DMF molecules (only 
oxygen atoms of the DMF ligands are shown in Fig. 1 for clarity). The four 
oxygen atoms lie approximately in the same plane with an average O-Yb- 
0 angle close to 90°. The plane defined by the four oxygen atoms is nearly 
parallel to the plane containing the upper belt (these atoms are capped by 
the lanthanide) of the dicarbollide cage; the dihedral angle is 7°. 



Rg- 1. The molecular structure of 3 showing the atom labeling scheme. Only the oxygen 
atoms of the coordinated DMF ligands are shown. Due to disorder problems, the carbon and 
b °ron atoms in the upper belt of the carborane fragment coutd not be distinguished. 
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The ytterbium-boron (upper belt) distances range from 2.73 (4) to 2.77 
( 4 ) A with an average value of 2.74 A and compare very well with lanth- 
anide to ligand distances reported for other structurally characterized 
divalent organolanthanide complexes. The average Yb-0 (DMF) bond 
distance in 3 is 2.37 A which is slightly shorter than the Yb -0 (THF) 
distance (2.41 A) found in the complex (C 5 Me 5 ) 2 Yb(THF) [18], Due to a 
crystallographic disorder problem, it was not possible to distinguish be- 
tween carbon and boron on the upper belt of the dicarbollide cage. The 
disorder was greatly pronounced for the methyl carbons of the coordinated 
DMF; attempts to collect data at low temperature were unsuccessful, 
The molecular structure of 3 raises a number of questions concerning 



the nature of the interaction of ytterbium atoms and the dicarbollide 
ligand. In order to obtain additional information concerning the nature of 
the bonding interaction of the ytterbium atom and the dicarbollide ligand, 
an 1R study was carried out. The solid-state IR spectra of these closo- 
lanthanacarboranes 1 and 2 display two sharp B-H stretching bands (split 
pattern) separated by about 100 cm -1 . This particular kind of split pat- 
tern had not been observed before in the IR spectra of other metalla- 
carborane complexes. In order to elucidate the origin of IR band ‘splitting , 
selectively deuterated lanthanacarboranes, closo- 1 ,1 , 1 , 1 - (THF) 4 - 1 ,2,3- 
LnCjByHgDj [Ln = Sm (4) or Yb (5)] were prepared [19]. In these deuter- 
ated complexes, the two nonadjacent borons (B(4) and B( 6 )] on the upper 
belt of the dicarbollide ligand are bound to deuterium [ 20 ] and should 
show a characteristic low frequency B-D stretch in the IR spectrum. The 
solid-state IR spectrum of both 4 and 5 indeed exhibit an absorption 
at ca. 1839 cm which is attributed to a B— D stretch and there is a con- 



comitant decrease in the intensity of the low frequency branch of the 
terminal B-H absorption. The ratio of v bh /p bu (using the low frequency 
absorption) is 1.32 for both 4 and 5. A ratio of 1.33 can be calculated for 
the monoanion precursor K + [mdo-1 ,8-C,B 9 H s D 3 ] - ; the same ratio has 
iruTn u P °v 2 ted f ° r the P erdeuter ated analogue of the metallaborane 
n “i 2 ^ uiHi0 ' l 21 !' When the ™tio is calculated using the high frequency 
B-H absorption a value of 1.38 is obtained for both 4 and 5. Given the 
consistency of v BH /„ BI? using the i ow frequenc absorp tion along with 
o serve ecrease in intensity of this stretch due to deuteration, it 
reasonable to assign the B-H absorption near 2450 cm 1 to the 

plexes avaST hydro S ens - With no other lanthanacarborane com- 
oridn of th comparison, it is rather difficult to elucidate the 

origm of this unique split pattern in the IR spectra. One possible expla- 

ca KwaT fl °, m the confi guration of the terminal hydrogens of the di- 

i M,06 “ S b “' °« olTc°B, pU« 

y , and in a similar fashion the terminal hydrogens on the 
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lower belt are bent “down” out of the B s plane by the same amom* U 
is reasonable to assume that the three hydrogens on the upper beh, by 
virtue of being close to the capping metal, have a different B-H stretdMf 
force constant than that for the lower belt and apical borons. On the bam 
of these IR correlation studies, it is reasonable to conclude that strong 
ionic interactions exist between the cationic lanthanide center and the 
anionic dicarbollide ligand; however, with the data in hand it is impossible 
to ascertain the relative degree of covalent bonding present The ob- 
servation of a split pattern due to the B-H stretching region of the fR spec- 
trum may prove to be a diagnostic test for the presence of ionic bonding 
in metallacarborane complexes. 

II. Preparation and Characterization of Bis-Dicarbollide 
Complexes of Sm and Yb 



The addition of one molar equivalent of [PPN] + [c/oyo-3,l,2-TlC 2 B 9 HijJ' 
to a THF solution of Ln(C 2 B 9 H n )(THF) 4 [Ln = Sm (1) or Yb (2)j 
affords a bis(dicarbollide) lanthanide complex with the composition 
[Ln(C 2 B 9 H 11 ) 2 (THF) 2 ] _ [PPN] + [Ln-Sm (6) or Yb (7)J in up to 50% 
yield according to the reaction given in Eq. 4 [13, 14]. 

Ln(C 2 B 9 H u )(THF) 4 + [PPN] + [c/o^-3,l,2-TlC 2 B 9 H n ] _ * 

[Ln(C 2 B 9 H u ) 2 (THF) 2 ]-[PPN]* +TT (4) 



Ln = Sm (6) or Yb (7) 

In this reaction, the divalent lanthanide has been oxidized to the -3 
oxidation state with the concomitant reduction of thallous ion to thallium 
m etal. The metal in the +3 oxidation state accommodates the high formal 
negative charge developed by the two dicarbollide ligands. The magnetic 
spectral data of these complexes also shows these complexes to possess the 
ntetal in the trivalent state. The Sm complex 6 has magnetic moment 
*•6 BM while the Yb complex 7 has magnetic moment 4.5 BM; both values 
ar e well within the reported range observed for other trivalent m an 
complexes [22, 23]. Both these complexes are extremely air- and mois ur - 
sensitive but can be stored for indefinite periods of time under an men 
atmosphere of nitrogen/argon. The THF ligands in both these complexes 
can be displaced by other coordination solvent ligands such as IV eC - 
The solid-state IR spectra (Nujol mull) of 6 and 7 exhibit a so T\ !L ' n 
to coordinated THF ligands along with a broad, but strong absorption 
tered at 2520 cm” 1 due to a terminal B-H unit. However, th .pe 
not display the unique B-H split pattern observed with the divalent mono 
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C(02)^/ B(07)' 
C(01)' 



C(10) 



C(09) 




Fig- 2. The molecular structure nf ft t i-ruE"i 

(6) showing the atom labeling scheme' ) ^ om " , o- 3 . 3 '-Sm(3,l,2-SmC 2 B 9 H 11 ) 2 ]-[PPN]* 

ca ge lanthanides. The ’H-NIWR . * , 

broad resonances at 2.74 and i •f/f C FUm ° f 6 ‘ n CD 2 CI 2 displays two 
coordinated THF. The addiHo t P P m due t0 met hylene protons of 
resonances to disappear with tho ° 3 excess of CD 3 CN causes these 
3.59 and 1,76 pp m due to free -j^™ 11 ^ 31160115 appearance of two signals at 
11 was not possible to interpret Ziumw the P arama gnetic nature of 7, 
We S Md b ™d and are sp?;£ s P“'™n as the signals are 

The structure of these new specie 8 ° PPm range ( +30 t0 ~ 50 PP m )' 
t ,0n stud y [13, 14J. Suitable sinS c^T CStablished by an x-ray diffrac- 
grown from THF/Et 2 0. The moS * ^ [N ( PPh 3 ) 2 ] + salt of 6 were 

dfston 0 H dinatiOn 8 e °metry aboi Mm» 8 ? rUCtUre ° f 6 is shown in Fi §' 2 ' 
two co H tetrahedron with ‘he tw U TIT" , C3n be bes ‘ described as a 
Uvo coordmated THF molecules occLv, ™!' dlcarbo,lid e ligands and the 

evidenced 3Verage rin g centroid-Sm-Ormp? COOrd ination sphere about 
metlT h f ! r a “£ “ sli Pping” [24] of the ^ I s 1082° .There is no 
configuration^ 00 at ° ms of the d icarbollid° i' de llgand relative to the 
the dicarboll'H* ?- Ut tfle samar ium ion and in th - ' 8ands ad °pt a transoid 

arrant t'\ a " dS »P.« IZ " c h I?* ' he ‘” b °“ ° f 

s ^&?F revi °“ ,y ^ ^ 

,he p,Me de6 “ d b > no ™ al » 

ls Ve ry similar to 
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the analogous dihedral angle (92.9°) in the complex 
[25]. The angle formed by the two oxygens and the $m is nearly k Jen- 
Jical for these two organosamarium complexes: 79.5'' for 4 and 82.iV* 
for (C 5 Mej) 2 Sm(THF)2 [25], The ring centroid-Sm-ring centroid angle 
is 131.9 (5)° and is smaller than 137° reported for the complex 
(C 5 Me 5 ) 2 Sm(THF)2 . This is not all that surprising because of the larger 
ionic radius of Sm 2+ (eight-coordinate, 1.27 A) versus Sm 3 ‘ /'eight- 
coordinate, 1.079 A) [17]. The ring centroid-Sm-ring centroid angle found 
in the cationic trivalent samarium complex [(C 5 Me 5 ] 2 SmfTHFj 2 ]*[BPh 4 J 
is 134.7° [26], intermediate between the values reported for the complex 
[25] (C 5 Me 5 ) 2 Sm(THF) 2 and 4. A comparison of the ring centroid-Sm- 
ring centroid angles of these three nearly isostructural complexes provides 
a good comparison of the bonding abilities of the [nido-1 ,8- QB^HnJ 2 ' 
and [C 5 Me 5 ] ligands and suggest that these two ligands have very similar 
steric requirements. 

The Sm-to-upper belt (these atoms of the dicarbollide ligand are capped 
by samarium) distances fall in the range 2.693 (10)-2.785 (9) A with an 
average value of 2.735 A. This compares rather well to the Sm-C(C 5 Me 5 l 
distances reported in other eight-coordinate trivalent Sm complexes 
[26,27] (2.72 and 2.73 A for (C 5 Me 5 ) 2 Sm(I)(THF), 2.71 (4) A for 
l(C 5 Me 5 ) 2 Sm(THF) 2 ] + ) , A close agreement of the metal to ligand dis- 
tances in these trivalent samarium complexes suggests that the nature of 
the bonding between a lanthanide and [nido- 7,8-C 2 B 9 H n ]~ is predomi- 
nantly ionic in nature. This is further supported by an application of 
Raymond’s structural paradigm [28] to the metal-dicarbollide distances in 
Using the samarium-to-upper belt average distance of 2.735 A, the 
e ffective ionic radius for the dicarbollide ligand is calculated to be 1.656 A 
(jonic radius for the eight-coordinate Sm 3+ is 1.079A). This value is very 
sttnilar to that already determined for the dicarbollide ligand in the com- 
P ,e x 3 (1.66 A) and is very similar to the average value determined for the 
c yclopentadienyl ligand (1.64 ± 0.0 4 A) [28] and thereby suggests that the 
bonding in these organolanthanides is similar in nature, that is predomi- 
oantly ionic. 



II. Alkaline-Earth Element Metallacarboranes 

Recently, we have initiated an investigation of the chemistry of carbormes 
rith alkaline-earth metals with a view to incorporate an alkaline-earth 
letal in?o a carborane cage. To date, there .s no previous report of a 
iscrete metallacarborane complex containing an alkaline-earth metal 
i its structural framework. These molecules would be interesting from 
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several points of view. The incorporation of an alkaline-earth into a 
borane framework is novel and it would be interesting to see what tyt* 
of structures these species adopt in the solid state. Secondly, the low* 
charge/size ratios of Ca 2+ ,Sr 2+ ,andBa 2+ suggest that their complexes would 
be very ionic in nature. Herein, we describe the preparation and structural 
characterization of calcium and strontium carborane complexes. 

Stirring a THF solution of Cal 2 and Na 2 [rtt Jo-7, 9-C 2 B i0 H ;[ 2] at room 
temperature results in the precipitation of a colorless solid. The colorless 
solid can be washed several times with THF in order to remove any 
unreacted Na 2 [n/d l 9-7 ,9-C^B 1Q H 12 ] and Nal which had been formed during 
the course of the reaction. Recrystallization of the colorless solid from 
MeCN/Et 2 0 at room temperature over a period of 3-4 days gives colorless 
needle-like crystals; the x-ray study showed it to have the formulation 
Ca(C 2 BioH 12 )(MeCN) 4 (8) [29], Due to the delicate nature of this com- 
plex, it was necessary to mount the crystal in a glass capillary in a dry box 
and the capillary was then sealed and the data were collected at room 
temperature. 



The structure of 8 is illustrated in Fig. 3. The calcium atom asymmetri- 
cally caps the open hexagonal face of the [ni Jo-7, 9-C2B 10 H 12 ] 2 ' ligand. 



Fig. 3. The molecular structure of ctoso-l.l.l.l-tMeC^^l^.-t-CaCjB.oHn (8). All hy- 
drogen atoms have been omitted for clarity. 



C(32) 




m 
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remainder of the coordination sphere about the calcium atom * 
mpleted by four acetonitrile ligands. The calcium-carboranc distance* 
range from 2.65 to 2.94 A whereas Ca-N distances range from 2.43 to 
2 51 A. The Ca(l)-C(2) distance is 2.70 A and compares rather well wjffc 
that of 2.68 A [average Ca-C(tj 5 ) distance) reported for the complex 
[C 5 H 3 T, 3 -(SiM e 3 ) 2 ] 2 Ca(THF) [30] and 2.67 A [average Ca-(rf) distance] 
reported for the complex [(C 5 Me 5 )Ca(^-I)(THF) 2 J 2 [31 J. 

The interatomic distance B(3)...B(8) in 8 is 2.037 (9) A and is shorter 
than that found in the complex [32] l,l-(PPhj) 2 -l-H-l,2,4-RhC 2 B If) H u 
(2.166 A) but is more comparable to that found in the complex [33] 
l'(7'C 5 H 5 )-l,2,4-CoC 2 B 10 H 1 2 (2.082 A). The B(9)...C(2) distance is 2 789 
(7) A and is longer than that found in the complex [32] l.l-(PPh 3 ) 2 -I-H- 
l,2,4-RhC 2 B 10 H 12 (2.720 A). The C(2)...B(12) distance is 2.814 (8; A and 
is nearly the same (2.841 A) as found in the complex [32] l,l-(PPh 3 ) 2 -l- 
H-l,2,4-RhC2B 10 H 12 . The B(3)...B(10) distance is 2.935 (8)A, nearly 
identical with the distance 2.938 A found in the complex [32] l.l-fPPfbhr 
l-H-l,2,4-RhC 2 B 10 H 12 . The four boron atoms in the upper belt (these 
atoms of the carborane fragment are capped by calcium) of 8 are essen- 
tially coplanar (within 0.03 A) with C(2) lying above (0.277 A) and C(4) 
lying below (0.277 A) this plane. The five boron atoms of the lower 
belt are coplanar (within 0.07 A). The planes defined by the upper and the 
lower belt are nearly parallel (3.4° between their normals). 

To our knowledge, the complex 8 is the first structurally characterized 
example of an alkaline-earth metallacarborane. We have extended this 
approach to other alkaline— earth metals and obtained a novel species wi 
the formulation Sr(C 2 B 10 H 12 )(THF) 3 (9) which displays a beautiful 
polymeric structural arrangement. The complex 9 can be obtained by the 
direct interaction of Srl 2 and Na 2 [nido-7,9-C 2 Bi 0 H 12 ] m THF at room 
temperature [34], The complex 9 is insoluble in THF or Et 2 0 but is solu e 
in other coordinating solvents such as MeCN or DMF. Recryst ization 
complex 9 from MeCN/Et 2 0 produces colorless n eed| eb k e crystals, x-r 
studies show it to have the formulation SrfQBjoH^XMeC ), ( • 

Complex 10 reverts to 9 in the presence of THF. These comp f 
extremely air- and moisture-sensitive but can be stored or on_ pe 
time in an inert atmosphere of nitrogen/argon. . „ <- ;# 

The molecular structure of 10 was established crysta °° T ^P ^ ratlire 
able single crystals were grown from MeCN/Et 2 0 at roo 
over a period of 3-4 days, mounted in a sealed glass cap, la 
"ere collected at room lemperaiure. The crystal « *.!„° 

crystaUographically independent but structurally stml P Fig 4 A 
Three units of one of the spiral polymeric chains are shown 
more detailed view of the metal-to-carborane interactions can - 
Fig. 5 Each carborane fragment serves as a ligand to two strontium a 
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Fig. 4. Three units of one of the spiral polymeric chains of [dos0-l,I,l-(MeCN) } -l,2,4- 
SrCaB 10 H l2 ]„ (10). 



Fig. 5. Closer view of the metal-to-carborane interactions in the polymeric complex [doro- 
1,1,1 -(MeCN) 3 - 1 ,2,4-SrCjB , 0 H , 2 ]„ (10). All terminal hydrogen atoms have been omitted for 
clarity. 
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, , t0 0 ne through an open hexagonal face and to the other via upper 
lower belt M-H-E (where E = B or C) interactions. The coordma«o« 
Geometry about each strontium is completed by three acetonitrile ligandb 
This arrangement of metal and carborane ligands is repeated to give a 
polymeric structure. To our knowledge, this is the first structurally char- 
acterized example of a polymeric metallacarborane. 

The Sr-N distances range from 2.63 to 2.77 A whereas the strontium- 
carborane (tj 6 ) distances range from 2.87 to 3.17 A, The Sr-C (carborane) 
distance (2.997 and 3.176 A) is much longer than that found in the com- 
plex (30] [C 5 H3-l,3-(SiMe 3 ) 2 ] 2 Sr(THF) (2.81 A). In order to accommodate 
strontium into the carborane cage, the entire upper belt of the carborane 
ligand in complex 10 is perturbed and is similar to that observed in the 
complex [32] c/o50-l,l-(PPh3) 2 -l-H-l,2,4-RhC 2 B I oH I 2. However, in com- 
plex 10 , the C(2) and C(4) lie on the same side in the upper belt of 
the carborane fragment. This is in contrast to other metallacarboranes 
[29,32,33,35] containing the C 2 B 10 fragment where one carbon atom lies 
above and another lies below the plane defined by four borons in the upper 
belt. Furthermore, the B(3) and B(6) atoms in the complex 10 lie above the 
plane defined by C(2), C(4), B(5), and B(7) (max. deviation of defining 
atoms from the plane is 0.05 A) in the upper belt. Thus the upper belt 
adopts a boatlike shape. The carbon atoms C(2) and C(4) interact asym- 
metrically with the adjacent borons in the upper belt [C(2)-B(3), C(2)- 
B (7), C(4)-B(3), and C(4)-B(5) distances are 1.716 (14), 1.791 (14). 1.69o 
( 14 )> and 1.609 (14) A, respectively] similar to the interaction reported for 
' he complex [35] c/ojo-l > l-(PPh 3 ) 2 -l-H-3-OMe-l,2,4-IrC 2 B 1 oH J , JC(2)- 

B (3), C(2)-B(7), C(4)-B(3), and C(4)-B(5) distances are l.oO; (3), 

( 3 ), 1.69 (3), and 1.74 (3) A, respectively]. In contrast, in the complex (- J 
c/ °w-l,l,l,i.(MeCN)4-l,2,4-CaC 2 B 10 H 12 , one carbon atom ■ 

"early symmetrically with the adjacent borons [C(2)-B(3) and C( 2) 
distances are 1.519 (8) and 1.510 (7) A] whereas the other interact 
as ymmetrically with the adjacent borons [C(4)-B(3) and ( ) ( 

are 1.645 (8) and 1.697 (7) A r«pec.iveW carboIaoe 

It is interesting to note that one of the C H verti f h 

fr agment interacts with the strontium. Since the B-H ver 1 one 
carborane fragment are certainly more basic than t e v 
w °uld anticipate that a second M-H-B interaction would be pre^rne 
° v er the observed M-H-C interaction. Consequently, the 

fraction is not yet understood. , „ , ininiie SD ij t 

The solid-state IR spectra (Nujol mull) of 8 and 10 display a unique spM 
Pattern in the terminal B-H stretching region indicative of . r _ 

tions between an alkaline-earth metal and the carborane c 
more, the complex 10 exhibits a band at 2390 cm in its IR ‘P et,nUH 
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which can be assigned to a M-H-B stretch and compares nth 
that reported for the structurally characterized complex [361 Air Wel1 ,0 
(the Ag-H-B stretching frequency is 2380 cm' 1 ). A8lCB nH l2 ) 

It is rather surprising to note that the complex 8 exists as 
whereas the complex 10 exists as a polymer in the solid state eZT** 
both were synthesized under similar reaction conditions The ™ ? Ugh 
may lose a MeCN ligand at higher temperature to produce 
complex with the formulation Ca(QB 10 H 1 ,)(MeCN'> Th. lu P ° lymenc 
assembly of the metal with the cartorane ^unh in fhe complexT 
due to the larger size of strontium compared to calcium It is hell! "7, 
the complex 10 exists as a monomer in solution ell6Ved that 
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Methods for Preparing Energetic Nitrocompounds- 
Nitration with Superacid Systems, Nitronium Salts, 
and Related Complexes 
George A. Olah 



I. Introduction 

Varied nitrocompounds ranging from such C-nitrocompounds as TNT to 
N-nitrocompounds such as RDX and HMX to O-nitrocompounds such as 
trinitroglycerol play a most significant role in energetic compounds. Their 
preparation is thus of substantial importance. This chapter reviews the 
most frequently used electrophilic nitration chemistry with particular 
emphasis on the use of superacidic systems, nitronium salts, and related 
complexes on which my research group for 30 years has continued to earn- 
out intensive research. 

Nitration is the reaction of an organic compound with a nitrating agent 
(generally nitric acid or its derivatives) to introduce a nitro group onto a 
carbon atom (C-nitration) or to produce nitrates (O-nitration) or mtra- 
mines (N-nitration) [1]. 



— C— H + HN0 3 » _c— N0 2 + H 2 0 

y 



\ 

— C— OH + HNOs 
/ 

\ 

NH+HNOj — 

y 



— CON0 2 + H 2 0 



N — NO-> -r H,0 

y 



All i.S»K of rcpo-n-CM * 
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The nitro group most frequently substitutes a hydrogen atom, however 
other atoms or groups can also be substituted (e.g., halogen atoms). Nitto 
compounds can also be formed by addition of nitric acid or nitrogen oxides 
to unsaturated compounds (olefins, acetylenes). 

Nitration reactions can be divided into ionic, radical ion, and free radical 
reactions. Within ionic nitrations one can differentiate the more predomi- 
nant electrophilic nitrations (proceeding through the nitronium ion, N0 2 + , 
or some of its polarized 5+ NOj~— X carriers) and nucleophilic nitrations 
(displacement reactions of suitable leaving groups by the nitrite ion, 
NO{). The most widely used nitrations involve the interactions of the 
electrophilic nitrating agent (i.e., nitronium ion, NOJ") with aromatics. 
The possible role of electron-transfer in nitration is of increasing signi- 
ficance. It is becoming evident that in addition to conventional two elec- 
tron transfer nitration, single electron transfer reactions can also take 
place. At the same time there are clear limitations to the systems where 
single electron transfer may be operative. Electrophilic nitrations retain 
their significance in the plurality of aromatic nitrations. The relationship of 
ionic and electron transfer nitrations is one of the more fascinating recently 
emerging aspect of the study of the mechanism of nitration. 



II. Protic-Acid-Catalyzed Nitration 

Electrophilic nitrations are carried out by acid-catalyzed reactions of nitric 
acid and its derivatives. Nitrating agents are of the general formula 
N0 2 X which serve as sources of the nitronium ion, NOJ , the effective 
nitrating agent. Ingold called the N0 2 — X compounds as carriers of the 
nitronium ion [2], From the ease of X-elimination he gave a relative se- 
quence of nitrating activity of different nitrating agents as nitronium ion, 
NOJ > nitracidium ion NO-,— + OH 2 > nitryl chloride, N0 2 — Cl > dinitro- 
gen pentoxide N0 2 — NOj> acetyl nitrate, N0 2 — 0(C0)CH 3 > f» tric 
acid, N0 2 — OH > methyl nitrate NO z — OCH 3 . 

m T Tu SCC ^ e ° f mtratin S agents, however, by now is much wider (Table I) 

* , lscuss ion ' n tb ‘ s chapter will primarily emphasize reagents and 

methods developed by the Olah group in its study of nitration chemistry. 

The nitronium ion, NOJ, as established by Ingold’s studies in 1940 [2] 
following an early suggestion by Euler [4], is the reactive nitrating agent in 
e ec ropnilic nitrations. Forty years of subsequent studies have not 

ange his. Table I summarizes the most frequently used electrophilic 
nitrating agents. 

hvlrr'r! limited nitrating abilit y of the nit ric acid- anhydrous 
y g fluoride system, Olah and Kuhn in 1956 introduced nitric 




Table I. Electrophilic Nitrating Agents 



NOJ Carrier 
HNOj 



AgN0 3 , NaNQ, , 

kno 3 , nh 4 no 3 , 

Ti(N0 3 ) 4 

RONOj 

EtONOj 

ch,ono 2 



Acid Catalyst 



NOJ Carrier 



H 2 S0 4 (mixed acid) 

H 2 S0 4 :S0 3 

h 3 po 4 

PPA (polyphosphoric acid) 

hcio 4 

HF 

HF-BF 3 

BF 3 

ch 3 so 3 h 

CF5SO3H 
RfS 0 3 H 
FSOjH 
solid acids 

(Nafion-H®, polystyrenesulfonic acid) 
FeClj, BFj, AlClj , CF3COOH 



h 2 so 4 , BF 3 

A1C1 3i SnCl 4 , SbCl 3 , FcCl, 
BF, 



(CH 3 ) 2 C(CN)0N0 2 

(CH 3 ) 3 Si0N0 2 

RC(0)0N0 2 

no 2 f 

N0 2 F 

NOjCl 



n 2 o 3 

n 2 o 4 



n 2 o 5 

NOJ BF 4 , NOJPFJ 
and other salts 
N-Nitropyridinium salts 
N-Nitropyraxo!c 
9-Nitroanthracenc 
C„(CH 3 )„No; 



Acid Catalyst 



BF 3 

BF 3 , PF 5 , AsF s , SbF s 

HF, A1C1 3 

TiCl 4 

BF 3 

h 2 so 4 

A1C1 3 , FeCl 3 
BF 3 

SbF 5 , AsF 5 , IF s 



BFj 



HF— TaF s , Nation- 11 
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acid-anhydrous hydrogen fluoride-boron trifluoride as a * 

effective and safe nitrating agent [5], Nitric acid ionizes with 
according to 1111 1 *F-'BF 3 



HN 0 3 + HF + 2 BF 3 



no^bf 4 +bf 3 -h 7 o 



Nitronium tetrafluoroborate can be isolated as a stable salt and „«,h 
such as the nitrating agent or the system can be used for in situ nitration rf 



aromatics. 



ArH + HN0 3 + HF + BF 3 > ArN0 2 + H 3 0 + BF 7 

Boron trifluoride can be readily regenerated from its hydrate by distilling 

and ,hus ,he *-*» « * 

SbF, can also PF ” TaF ” 

BronstedTcX. ^fofcF SOH* “ ° ne ° f the Strongest known 

acid Additional! 1 1 „ 3 1S ^.5, comparable to fluorosulfuric 
rotrfiStlZ a fluorosulfu ™ “id, like sulfuric acid, is also a 
does not react with a ^ ° Xldi ^ ing a 8 ent > trifluoromethanesulfonic acid 
acid for n SSr [6] ' 11 " therefore a convenient strong 
During an TnlTj ° Which is ^mpletely ionrzed by it. 

nitration of toluene, Coon Rl effeCt ° f adds ° n the re g ioselectivity of 

trifluoromethanesulfonin -a Uctler a " d Hill found that two equivalents of 
crystalline solid, which is am’ 100% nitric acid t0 yield a white 

and hydronium'trifluoromethatmstilfonate^T] 111 triduoromethanesu ^ ona,e 



2CF3SO3H + hno 3 



NOJCF3SO3 + HjO^CFjSOi" 



-p^ e . f ^r 3 ou 3 

CC1 4 , CF 2 Cl 2 re cFCb nC and trifluorometh anesulfonic acid in CH 2 C1 
or benzene, toluene m-xvlenp SO * ut ' on * s an excellent nitrating age: 
tnfluoride (Table II)’ The e ’ chlorob enzene, nitrobenzene, and benzi 
Mono- or dinitration of . !I° nS Were Carried out from -HO to 30°< 
temperature. Mononitration nf ! ? 3n be controlIe d by specific reactic 
eing complete in one minute at° extremel y rapid, the reactio 

30 min at 0‘C. m,nUte at ~^C. The dinitration is complete i 

he regioselectivitv of ™ 

1 ? reac " on * em perature toluene wa s studied by varyin 

^.smonontoo,^^ ' • 7*f. and -„ 0 - C i„ haloL.ban 
• 3% wera-nitrotoluene r** tamed containing only 0 53 0 36 an 
W « ~11°°C (Table 'lIi ) reSpeCtlVely ' The °'*o/ P * a J m ^ 
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Tabic II. Nitration of Aromatics with Nitric 
Acid-Trifluoromethancsulfonic Acid 



Substrate 


Product 


Isomer 

Distribution. % 


Benzene 


nitrobenzene 


98 




dinitrobenzene 


2 


Toluene 


2-nitrotoluene 


50-62 




3-nitrotoluene 


0.2-0.5 




4-nitrotoluene 


37-44 


Nitrobenzene 


1,2-dinitrobenzene 


10 




1,3-dinitrobenzene 


97 




1,4-dinitrobenzene 


2 


Chlorobenzene 


2-nitrochlorobenzene 


30 




3-nitrochlorobenzene 


0.1 




4-nitrobenzene 


70 


Benzotrifluoride 


2-nitrobenzotrifluoride 


14 




3-nitrobenzotrifluoride 


85 




4-nitrobenzotrifluoride 


0.1 



Table III. Mononitration of Toluene with HN0 3 /CF 3 S0 3 H 
in Halomethane Solvents 



Isomer ratios, % 



Solvent 


Time, Min 


Temp, °C 


Yield, % 


0 - 




p~ 


cfci 3 


180 


-110 


>99 


50.5 


0 .2 


49.3 


ch 2 ci 2 


180 


-90 


>99 


61.3 


0.4 


38.3 


ch 2 ci 2 


60 


-60 


>99 


62.1 


0.5 


37.4 


CFCI 3 


1 


-60 


>99 


61.9 


0.5 


37.6 


CFCI3 


1 


-no 


>99 


50.8 


0.2 


49.0 



Low meta substitution allows favorable regiocontrol in the subsequent 
Preparation of dinitrotoluenes. In general, the nitric acid-triffuoro- 
m ethanesulfonic acid system shows less meta substitution than other nitrat- 
ing systems at comparable temperatures (Table IV). The major factor, 
however effecting low meta nitration is the use of extremely low tempera- 
tures. Solubility of the formed nitronium salt at low temperature in 
halomethane solutions is limited and unusual ortho /para ratios may be also 
a conseauence of the heterogeneous nature of the reaction matures. 

r re «“ly found CF,S0,H-B<0,SCF,), C^.obonc acfo) 
as a highly efficient new superacid for nitrating aromatics with HNO, 
(Table V) .^Nitronium tetratriflatoborate N0 2 B(CF 3 S0 3 ) 4 is the reacuve 
nitrating agent [8]. 



Table IV. Preparation of Dinitrotoluene in Nitrating Mixtures Containing CF 3 S0 3 H 



Composition of Nitrating Mixture, 


wt % 


Temp, °C 


Yield, % 




% Isomer Distribution 




Total Meta 

% 


cf 3 so 3 h 


HjSO„ 


hno 3 


h 2 o 


2,6 


2,3-2, 5 


2,4 


3,4 


89.0 


0 


11.0 


0 


-5 


>98 


15.7 


0.5 


82.8 


1.0 


1.5 


45.5 


45.5 


6.0 


3.0 


-20 


>98 


10.2 


0.3 


88.7 


0.9 


1.0 


45.5 


45.5 


6.0 


3.0 


-20 


>99 


14.9 


0.6 


83.4 


1.1 


1.7 


22.7 


68.3 


6.0 


3.0 


-20 


99.5 


12.1 


0.4 


86.4 


1.2 


1.6 


0 


90.6 


6.3 


3.1 


-25 


99 


11.8 


0.5 


86.5 


1.3 


1.8 


80 

AC 


0 

A 


10 


10 


20 


99.2 


16.8 


1.0 


81.0 


1.3 


2.7. 


Oj 


U 


5 


30 


0 


100 




o-/m-/p-Um = 58.86/1.96/39.18 

^ / 1 C 



°!p = 1.5 
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Table V. Nitration of Aromatics with Nitric-TetratriffatoboriOWM 
(HNO, +■ H*B('0 1 SCF ,) 4 ) 



Aromatic 


Rxn. Temp., °C 


% homer Distribution ot 
N’itroProducl 

o- m- p- 


Benzene 


-30 








Toluene 


-30 


55 


1 


43 






52 


1 


47 


Fluorobenzene 


-30 


1 


— 


99 


Chlorobenzene 


-30 


33 


<0.1 


67 


Anisole 


-30 


58 


<0.1 


42 


Naphthalene 




o-97 


£-3 





Usual mixed-acid nitrations give water as the byproduct in forming the 
nitronium ion. The effectiveness of mixed acid is continuously decreased 
during the progress of the nitration reaction due to dilution of the add by 
the water formed. 



Coon et al. used nitric acid—fluorosulfuric acid in the nitration of toluene 
and compared its effectiveness with that of trifluoromethanesulfonic add 
(Table VI) [7], They found that both acids were effective, but tnfluoro- 
methanesulfonic acid is more suitable as it does not cause oxidation or 

sulfonation. 

Olah et al. found that a mixture of nitric and fluorosulfuric acid (or 
HN0 3 + HF + FSO3H) allows even the trinitration of benzene to 1,3,5- 
Wnitrobenzene at higher temperatures [9]. Water formed in the ionization 
°f nitric acid to the nitronium ion reacts with fluorosulfuric acid (to sul- 
furic acid and hydrogen fluoride) and thus the nitrating system main- 
tains high acidity. Nitric-fluorosulfuric acid is also a very suitable strong 
nitrating system for other deactivated aromatics. 

Adding Lewis acid fluorides, such as antimony, an a um, fsOTI- 
Pentafluoride to fluorosulfuric acid greatly enhances its ; acid y. 

SbF s (masic acid) is one of the strongest known superacids (6J. N.tnc 
■na^cacid ^ 0 ,-FSO.H-SbF,) is a„ «, ramely effecuva -g™. 

f°r polynitration of aromatics (8J. 



Nitration of Toluene with HNOj/ CFiSO,H 

Table VI. 


Acid 


Time, Min 


Yield, MNT % 


% Isomer Distribution 


CF 3 SO 5 H 

FSO 3 H 


60 

120 


100 


o/ni/p = 62/0*5/37 


89 


ojm/pl - 63/0.7/36 
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Nitration with nitric acid in the presence of strong protic acids such as 
H 2 S0 4 , FSO3H, and CF3SO3H or Lewis acids such as boron trifluo t id e 
requires subsequent separation of spent acid (due to water formed i n th e 
reaction) and neutralization of acid left in the product. One is generally left 
with a large amount of dilute acid for disposal, which is neutralized in the 
case of sulfuric-acid-catalyzed nitrations to a mixture of ammonium nitrate 
and ammonium sulfate. By using a solid acid catalyst most of these environ- 
mental problems can be eliminated. The solid acid catalyst is simply 
separated and recycled for subsequent use. 

Kameo et al. reported [50] the use of polystyrenesulfonic acid as a 
catalyst in the nitration of aromatics with HN0 3 . Nitration of toluene with 
90% HN0 3 over dried sulfonated polystyrene resin (Rohm and Haas 
amberlite 1R-120) was also reported by Wright et al. at 65-70°C to give an 
ortho-para isomer ratio of only 0.68, much lower than usual ortho-para 
ratios in acid-catalyzed nitrations [11]. It is considered that the nitronium 
ion is strongly ion paired to the resinsulfonic acid. The ion-pair salt thus 
formed is much bulkier than the “free” nitronium ion or such nitronium 
salts as NO2BF4 . 

HN0 3 + 2(g)— SO3H ► NOj ®— S0 3 ‘ + H 3 0 + SOJ 

This method, however, is of limited use because the catalyst undergoes 
degradation during the reaction. Polystyrene has benzylic hydrogens that 
can be abstracted easily by highly reactive species (nitrogen oxides, NO2 , 
NO + ) present in the reaction medium. The polymer therefore readily 
undergoes oxidative degradation. In addition, it is likely that the polymer 
also can undergo nitration, sulfonation, and subsequent degradation under 
the reaction conditions. 

When aromatics are nitrated with mixed acid, the reaction rate slows 
down with time, because the byproduct water dilutes the acid, thus reduc- 
ing its reactivity. In preparative nitrations, therefore, a large excess of aC *^ 
ts required with the excess being wasted because of dilution. The disposal 
of spent acid also represents a significant environmental problem. 

In view of these considerations and the limitations of polystyrene- 

sulfonic acids, we studied superacidic Nafion-H® perfluorosulfonic- 

aci resin-catalyzed nitration of aromatics with nitric acid under conditions 

ot azeotropic removal of water (azeotropic nitration) [121. The azeotropic 

remova o water in Nafion-H®-catalyzed nitration allows utilization of 

ni ric acid to a significantly greater extent than do conventional condi- 

, , ° n *° ™ trati °n. Both fuming and concentrated nitric acid are effective 
Viable VII). 

J he n ' lrat ' ons are carried out by heating the reaction mixture to reflux 
azeotropically distilling off the water-aromatic mixture until no nitric 




mhgds for preparing Energetic Nitrocompound i ygf 

Table VII. Azeotropic Nitration of Aromatic* with Nunc 
Acid over Nafion-H Catalyst 



Substrate 


Yield, % 


Isomer Distribution, 


Benzene 


77 




Toluene 


80 


2- nitro (56) 

3- nitro (4) 

4- nitro (40) 


<?-Xylene 


47 


3- nitro (45) 

4- nitro (55) 


/n-Xylene 


68 


2-nitro 05) 
4-nitro (85) 


p-Xylene 


60 




Mesitylene 


79 




Chlorobenzene 


87 


2- nitro (38) 

3- nitro (1) 

4- nitro (61 ) 



acid is left in the reaction mixture. Part of the nitric acid, however, also 
distills over in the form of a binary or ternary azetrope, as do some 
nitrogen oxides formed under the reaction conditions. 

Crivello has shown [13] that alkali metal nitrates can be used with tri- 
fluoroacetic anhydride and to a lesser extent with trichloro- and dichloro- 
acetic anhydride. The reaction rate was shown to be significantly affected 
b y the extent of solubility of the inorganic nitrate in the reaction medium. 
Since ammonium nitrate is reasonably soluble in organic solvents it is 
Particularly successful ( vide infra). Many metal nitrates have been also 
shown to be effective nitrating agents in the presence of tnfluoroacetic 
anhydride. Benzene gives nitrobenzene in 90% yield in most cases. The 
nitration rate is highly solvent dependent, being higher in polar solvents. 
T he reaction is quite general and successful for nitration of aromatics more 

S°od nitrating agent of aromatics [13]. 

ArH + KH 4 N0 3 + (CF 3 C0) 2 0 — - ArNO z + CF 3 C0 2 NH 4 + CF 3 C0 2 H 

The reaction bears a close resemblance to acetyl nitrate nitrarion and 
mos, probably^nvolves formation of triflooroace.yl n„r«t e wh.ch soteo- 
RUently can form nitronium ion. 

(CF,CO),0 * NH.NO, CF,C(0)ON0 2 - CF,C(0)0NH. 

CF 3 C(0)0N0 2 — * no 2 + + CFjCOO 
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George 4 n. 

Attempts to isolate trifluoroacetyl nitrate by distillation le d ^ 

position, Acetyl nitrate is known to give high ratios of 3 th° dec ° m ' 

products [14]. Similar trends in orientation are seen in the nrod , °* nitrate <i 

tions obtained in TFAA-NH 4 N0 3 nitrations. However in com ' ' Str ' bu ‘ 

rather limited range of substrates that can be nitrated with acet T t0 ,he 

trifluoroacetyl nitrate is a much more efficient and versatile nitra in Wtrate ’ 

Both protic- or Lewis-acid-catalyzed nitration of aromatics 

earned out with alkyl nitrates (i.e., alkyl esters of nitric acid) Acid r ' 

talysts are assumed to form nitronium ion from alkyl nitrates or stl ‘ 
polarized complexes, 3 ares or strongly 



N0^HS0 4 +ROH 
N0 2 + A1C1 3 0R" 



rono 2 + h 2 so 4 ■ 

R0N0 2 + A1C1 3 - , lluJfllU3UK 

the^re^ence^f even S f * “ d St ° red with care > as Particularly it 

should not he h tr3CeS ° f 3Clds they can become explosive [15]. Thej 

the case for nitrates q^oItoR 0 ^ ° f timeS ’ Th ‘ S is P articularI ) 

preparation involvn P J slm P ,est and effective means of theii 

sence of 'an arid-hinH reaCtl0n of alc °hols with nitronium salts in the pre- 

salts are particularly sukedf 1 * I™ nsfer nitrations with A^-nitropyridinium 
P rticularly suited for their acid-free preparation [16]. 

ROH + PyNOj BF 4 — > RON0 2 + PyH + BF 4 

catalysts [171. ar °niatic compounds in the absence oi 

if aromatic compounds and^ir!? nitrated products can be obtained 
acid [18-22], polyfphosDhn^ ^ grates react * n the presence of sulfuric 

Alkyl nitrates most frequeml 30 J 23 ^ 01 Lewis acid halides [ 24_26 3’ 

and 86-87°C, respectively) % ^ methyl and eth y' nitrate ( b P- 65 ° 

The sulfuric acid— cataiv-jo^i 

78-80°C gives nitrobenzene in ni . trad0n of be nzene with ethyl nitrate at 
however, nitrated under simil ^ y y * C * d P'Fluoroacetanilide 

Recently developed" onl / 3t °° C in 85 % yield [28J. 

fct've m catalyzing nitration^ wklfmw 1 Catalysts such as Nafion-H® are 
enzenes are nitrated in excellent 7 nitrates [29], Benzene and alkyl- 
in the presence of solid Nafion-H ' ie, . dwith n ' hut y l nitrate at around 80°C 
0W 0r P re Parative purposes at i 30 cata ^ st - Th e reaction is generally 
nr>t°f 0m tern P eratUr e. The reactio^^ tempera,ures and does not proceed 

comn? m !f in 3ny ^finit^c^t^mouny 61 -nf ’ eCt ' Ve Dinitro compounds are 
complexed nitrating agent seemTtn li The stenc bu >k of the solid-acid- 

more h" 1 ^ distnbuti °n of products Ge? 3 ] i ] 18nifi '; ant role in determining 
more hindered isomer a de ^ased amount of the 

formed compared with conventional electro- 
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Table VIII. Nitration of Aromatics with n- Butyl Nitrate over 
Nafion-H Catalyst 



Aromatic 


Yield, % 


Isomer Distribution (%) 


Benzene 


11 




Toluene 


96 


2- nit ro (JO) 

3- nitro (3) 

4- nitro (47) 


o-Xylene 


98 


3- nitro (47) 

4- nitro (53) 


m-Xyiene 


98 


2-nitro (12) 
4-nitro (88) 


p-Xylene 


95 


2-nitro (100) 


Mesitylene 


90 


2-nitro (100) 


1,2,4-Trimethybenzene 


94 


3-nitro (8) 
5-nitro (92) 


1,2,3,4-Tetramethylbenzene 


93 




anisole 


86 


2-nitro (32) 
4-nitro (68) 


Chlorobenzene 


15 





philic solution nitrations, thus increasing the selectivity of nitration at the 
less hindered {para) position (Table VIII). 

When secondary or tertiary alkyl nitrates are used in the nitration reac- 
•>on, competing alkylations complicate the system. Consequently methyl or 
e %l nitrate are the preferred alkyl nitrates for nitration. 

A1C1 3 , SnCl 4 , SbCl 5 and FeCl 3 catalyze the nitration of benzene with 
e %l nitrate [30], 

Alkyl nitrates, particularly methyl nitrate, are very effective nitrating 
a 8 e nts in the presence of boron trifluoride catalyst [31]. 



ArH + N0 2 0CH 3 ArN0 2 + CH 3 OH • BF 3 

Ik reaction is useful as a se!ec.i»e and mild nitration method for 
"owing mononitration of durene and other htghl, ,t "Mated 
"rich with mixed acid usually undergo dm. Iran on 
‘ifluoride can also be used to achieve 

y using 2 . and }M excess of methyl n.trate, re S p«ct.vdv_Rda,,ve ytelds 

—• b “- rr 

StoXoohts oth.orina.ed derivatives (e.g.. sulfuric acid ,eads to 

trodemethylation products). 



Table IX. Boron-Trifluoride-Catalyzed Nitration of Tetramethylbenzenes with Excess 
Methyl Nitrate in Niiromethane Solution 



Composition 



Tetramethylbcnzcne H 3 C — ONO- : Arene 




Total Yield (%) Dinitro 

of Nitro Products Product (%) 



93 64.4 

90 75.0 



94 89.9 

94 99 9 



95 90.1 

92 100 



Mononitro 
Product (%) 



35.6 

25.0 



10.1 

0.1 



9.9 

0 
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tonecyanohydrin nitrate (ACN) is found to have enhanced r-;.i. 

^ ce ^ (0 me thyl nitrate in the preparation of various ring-sunsr,-' i u-A 
tTXitromethanes [32]. It was first used by Thompson and .Varan* 
,33 34 a] in nitrating aromatics. The boron trifiuoride-etherate-cataJyzed 
nitration of alkylbenzenes and anisole [35J gave good yields (Table X). 
Acetonecyanohydrin nitrate is more reactive than ordinary alkyl nitrates 
because of the greater ease of O — N bond cleavage in the intermediate O- 
orN-coordinated (protonated) ACN. 



5 - 

.CN : BFj 

C I S+ 

ArH + CH 3 — C— O— N0 2 

ch 3 



ArN0 2 + (CH,) 2 COH:BF 3 
CN 



Use of acetonecyanohydrin nitrate has certain practical advantages over 
other procedures that use alkyl nitrates. It is more stable than CH 3 0N0 3 
and is stored easily for longer periods of time. BF 3 — etherate is easier to 
handle than the BF 3 gas used in other methods. Under similar conditions, 
this method provides cleaner products and higher yields than does a 
mixture of CH 3 0N0 2 and BF 3 -etherate; only small amounts of BF,- 
etherate are required. . • 

Solid superacidic catalysts can also be advantageously app ie in m 
don with acetonecyanohydrin nitrate [29]. , .. . 

. Th e Nafion-H-catalyzed nitration of deactivated aromatics w ‘. 
Crates, such as butyl nitrate, gives only very low yields [29J. 
of chlorobenzene, for example, gives only 15% o c wjth 

(Table XI). Due to its greater reactivity, nitration of vie Id 

ACN gives the corresponding nitro compounds m i goo contrasted 

(Table XI). The nitration of chlorobenzene gives o ^ h ; 

15% with butyl nitrate). The yields increase only modestly with 



Nitrate/BF3 Etherate _ — 






% Isomer Distribution 


Compound 


Yield % 


2-Nitro 3-Nitro 


4-Nitro 


Toluene 

o-Xylene 

m-Xylene 


77.6 

75.2 

78.0 


59.8 4 5 

0. 60.3 

15.3 0 


35.7 

39.7 

84.7 


p-Xylene 


90.0 




— 


Mesitylene 

Anisole 


74.1 

73.1 


72.4 0 


27.6 
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Benzene 


85 


•““luuiiun 


Toluene 


79 


2- nitro (47) 

3- nitro (3) 


o-Xylene 


60 


4-nitro (50) 
3-nitro (44) 


m-Xylene 


61 


4-nitro (56) 
2-nitro (11) 


p-Xylene 


61 


4-nitro (89) 


Meitylene 


36 




1 ,2,3,4-Tetramethylbenzene 
Chlorobenzene 


69 

49 


2- nitro (28) 

3- nitro (2) 

4- nitro (70) 



(the isomer ratios remain constant tu- , 

decomposition of ACN at the „ JfJ 1' ThlS may be due *° the therma 

effective catalysis by Nafion-H® ^ reaCtl0n tem peratures necessary fo; 

than With bmXnitme (1 n^° t0l fl UeneS obtained is lower (0.94) with AO 
former reagent. ^ ’ reflect *ng the somewhat larger bulk of th< 

Trimethylsilyl nitrate (CH > 

studied nitrating agent [331 j* • lUN( ^ 2 ’ 1S another interesting but little 
silver nitrate and nitrate i 1 S P re P are d from chlorotrimethylsilane anc 
2 ArH t ° ma ‘ ,CS " fectiv ' l >' “ lh BF 3 as catalyst 

Trimethylsilyl ni, raK h „ ’ (CH >»2 sios '<CH,), + BF, H 2 0 

according to ’ wever, even on standing readily decomposes 

2 (CH 3 ) 3 SiONO-, - » j . 

Consequently nitrogen a NO t + >/2 0 2 + [(CH,),S1] 2 0 
system. . thoxide formed can also affect nitration in the 

Lewis ' Ac 'd-Catalyzed Ni.ra.ion 

T he general Friedel-C 

dinkro iC nitrations invoMng^nir^h R nciplc [36] can be a PP lied t0 

stou HK n tetTOXide (the haUd' U ^ dinhro ^ pentoxide, and 

d be considered as FriedetcS f" y ° f nitric acid). These 

1 Crafts *ype reactions, as obviously a very 
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rlose analogy exists with the corresponding Friedel-Crafts ketone 

. ii j i ■ ■ i 



m 






eS es involving acyl halides and anhydrides [37j. In a generated ^ 
nitric acid nitrations catalyzed by protic acids (H 2 S0 4 , H,PCV ffF etc > 
or by Lewis acid metal halides (BF 3 , A1C1, , etc.) could be also considered 
ns reactions of Friedel-Crafts type, as an increasing number of Friedel- 
Crafts ketone synthesis is now known using aliphatic carboxylic acid* 
(acetic, propionic, etc.) as acylating agents. 

Friedel-Crafts type nitration using nitryl chloride had been initially 
reported by Price and Sears [38] who found A1C1 3 to be the most suitable 
catalyst. Deactivated aromatics, however, were nitrated only with difficulty 
and the method was, therefore, considered to be of limited value Inves- 
tigations of Olah and Kuhn [39] have shown that aromatic compounds, 
including deactivated ones such as halobenzenes and benzotrifluoride. can 

be nitrated with ease using nitryl halides and a suitable Friedel-Crafts 
catalyst. 

ArH + NO z X > ArN0 2 + HX (X = F, Cl, Br) 

Using nitryl chloride as the nitrating agent, which in the laboratory is 
[dn) Ven * ent ^ P re P are ^ by the reaction of nitric acid with chlorosulfuric add 
H ' ' s f° un d to be the most suitable catalyst. FeCI 3 , ZrCl 4 , A1CI, 
and AlBr 3 are also effective but the reactions are more difficult to handle. 

ith BC1 3 , Olah and Kuhn obtained a smaller amount of nitrated product 
an ^ considerable ring chlorination; SbF 5 is also an active catalyst for the 
mtr yl chloride nitration of aromatics; B F 3 was found to be inactive as a 
catalyst. The following yields were obtained upon nitration of the aroma- 
hc$ using TiCl 4 as catalyst: benzene, 88%; toluene, 81.5%; ethylbenzene, 

' 9 %; fluorobenzene, 91%; chlorobenzene, 41.5%; and benzotrifluoride. 

' 2 %. There is always a certain amount of ring-chlorinated by-product 
formed in the nitrations. Reactions carried out either by using an excess 
of aromatics as solvent (TiCl 4 is miscible with many aromatics) or in car- 
b °a tetrachloride solution, always contain chlorinated by-products. The 
amount of chlorinated by-products can be decreased by using solvents with 
hi fiher dielectric constants. Tetramethylene sulfone (sulfolane) was found 
t0 be a suitable solvent for the TiCI 4 and also for most of the other 
Uewis-acid-catalyzed nitrations. It has excellent solvent properties tor 
aromatics and the catalysts as well as for nitryl halides. It ts superior to 
other solvents that can be used, such as nitromethane. As it is completely 
miscible with water, the work-up of the reaction mixtures after the reac- 
tions are completed is very easy. ...... . 

In Lewis-acid-halide-catalyzed nitrations with nitryl chloride, are these 
reactions nitronium salt nitrations according to the ionization 



N0 2 CJ + A1C1 3 NO 2 AICL, 
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or are they effected by the Ocoordinated donor : acceptor complex (1 ; \ 0r 
possibly 1 : 2 complexes)? 

O _ £ci 3 

Cl — N AlCb 

\> 

In order to study this problem, Olah and Lin carried competitive 
studies of nitration of benzene and toluene with nitryl chloride, catalyzed 
by Lewis acid halides. When carbon tetrachloride or excess aromatics were 
used as solvent, the data summarized in Table XII were obtained. The data 
show that the ortho/para ratios are smaller than in nitrations with nitro- 
nium salts. The observed changes point to the fact that the nitrating agents 
are the corresponding donor : acceptor complexes and not the nitronium 
ion itself. The lower ortho l para ratios than those obtained in case of N0 2 + , 
particularly point to bulkier nitrating agents. 

However, when carrying out the reactions in a common polar, ionizing 
solvent, such as nitromethane, such factors are diminished as shown in 
Table XII. 

Nitryl fluoride is a more powerful nitrating agent than nitryl chloride, 
but is more difficult to handle. Hetherington and Robinson [42] reported 
nitration of aromatics with nitryl fluoride in the absence of catalysts. They 
suggested that in solution, nitryl fluoride dissociates into NOs and F and 
the intermediate nitronium ion thus formed is the active reagent in the 
nitrations. Less reactive aromatics such as nitrobenzene were not nitrated 
and considerable tar formation occurred during the reactions. We found 



+/ 

Cl— N 
V 



O 



Table XII. Lewis-Acid-Catalyzed Friedel-Crafts Nitration of Toluene with 
Nitryl Chloride at 25°C 









% Isomer Distribution 




Lewis Acid Halide 


Solvent 


ortho 


meta 


para 


o/p 


AlCl, 

TiCl„ 

BF, 

SbCl, 

PF S 

AlCl, 

TiO, 

PF. 


excess toluene 


53.3 


1.2 


45.5 


1.17 




53.1 


1.6 


45.4 


1.17 




57.1 


1.4 


41.1 


1.40 




56.4 


1.4 


42.4 


1.34 




57.6 


1.6 


40.8 


1.41 


nitromethane 


61.3 


3.7 


35.0 


1.75 




61.1 


3.7 


35.2 


1.74 


AlCl j 
TiCl„ 




61.6 


3.5 


34.9 


1.76 


CO, 


42.4 


1.7 


56.9 


0.76 






44.9 


1.3 


53.7 


0.84 
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that by using a Lewis acid type fluoride catalyst sue h as Bf , 
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or SbF 5 , simple Friedel-Crafts type nitrations can be carried out wttk 
nitryl fluoride [39]. Homolytic cleavage of nitryl fluortde, which cause* mm 
of the side reactions, is considerably suppressed under these conditiow 
in favor of heterolysis, yielding the nitronium ion. The reactions are car- 
ried out preferably at low temperatures. Benzotrifluoride is nitrated to 
w-nitrobenzotrifluoride at - 50° with 90% yield using boron trifluonde a» 
catalyst. Halobenzenes, including di- and polyhalobenzenes. are nitrated 
with ease and with yields of over 80%. 

The nitrations are carried out using either (1) an excess of the aromatic 
as diluent and introducing nitryl fluoride and the Lewis-add-fluo nde- 
catalyst simultaneously at low temperature into the well-stirred reaction 
mixture or (2) a suitable solvent such as tetramethylene sulfone which can 
be used advantageously if the fluoride catalyst does not interact with 

it (SbF 5 , a strong fluorinating agent, attacks the solvent and cannot be 
used). 

Nitryl bromide when compared with the chloride and fluoride, is quite 
unstable. Nitration experiments were carried out with solutions obtained 
by the halogen exchange of nitryl chloride with KB r (not separated from 
unchanged nitryl chloride and decomposition products) in sulfur dioxide 
solution at -20°, using TiBr 4 as catalyst. Yields of nitrations are lower than 
those obtained with nitryl chloride, due to the formation of more ring- 
brominated products [39]. This can be attributed partly to free bromine 
being present from the decomposition of nitryl bromide and to the easier 
hoiolysis of nitryl bromide itself. 

It was Schaarschmidt [43] who first investigated the catalytic effect of 
AlQ 3 and FeCl 3 on the nitration of aromatics with dinitrogen tetroxide. 

N 20 4 , the mixed anhydride of nitric and nitrous acid. 

Pinck [44] used sulfuric acid to catalyze the nitration of aromatics with 
N 20 4 . He observed that only half of the dinitrogen tetroxide was used 
U P in the nitrations, the remainder being present as nitrosylsulfuric acid. 

Titov [45] dissolved N 2 0 4 in sulfuric acid and used this solution as nitrating 

agent. f , . 

Raman spectroscopic [46] and cryoscopic [47] investigations of solutions 
of N 2 0 4 in sulfuric acid gave proof that the effective nitrating agent in the 

SSniui ion (NOD '°™ a °° 

an equimolar amount of nitrosyl sulfuric acid (NO HS0 4 ). 



N; 2 0 4 + 3 H 2 S0 4 



NOT + NO + + H 3 0 + + 3HSOf 



Bachman [48] used the stable N 2 0 4 -BF 3 complex, prepared as a cry- 
stalline salt from the components in aromatic nitrations. 
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The major difficulty in Friedel-Crafts type nitrations with N 2 0 4Was that 
the N 2 0 4 -catalyst complexes were insoluble in the reaction media. This 
resulted not only in slow reactions and low yields, but in many cases also i n 
undesirable side reactions. 

Schaarschmidt reported [43] that when AlBr 3 was tried instead of AlCl, 
as catalyst, in an unexpected way only ring bromination took place and no 
nitro product was formed. The use of a fluoride catalyst, such as BF 3 in the 
work of Bachman [48], eliminated halogenation as side reaction but still 
dealt with a heterogenous reaction medium. 

In the course of Olah’s investigation, it was found that homogeneous 
Friedel-Crafts type nitrations with N 2 0 4 and Lewis acid catalysts such as 
TiCl 4 , BFj, BC1 3 , PF 5 , and AsF 5 can be carried out in tetramethylene 
sulfone solutions [8,37]. It is not necessary to isolate the catalyst-N 2 0 4 
complex. Instead, a solution of N 2 0 4 and the catalyst is prepared and this 
solution is added to a tetramethylene sulfone solution of the aromatic to be 
nitrated. 

Nitrobenzene was obtained from the nitration of benzene with yields of 
32-67% and fluoronitrobenzenes from fluorobenzene with 28-76% yields; 
the relative order of activity of the catalysts used was AsF 5 > PF 5 > BF 3 > 
TiCl 4 > BCl 3 . With the chloride catalysts, a considerable amount of chlo- 
robenzene was also formed in the reaction, as was the case with A1C1 3 . 

Bromide Lewis adds such as AlBr 3 , BBr 3 and TiBr 4 , in agreement with 
previous observations of Schaarschmidt [43] with AlBr 3 , gave a high 
amount of ring bromination but simultaneously about 10% of nitroaro- 
matics were formed. 

Subsequent investigations have proven that aluminum, titanium, and 
boron halides tend to react with N 2 Q 4 in the following way: 



2N 2 0 4 + TiCl 4 * 2N0 2 C1 + 2NOC1 + Ti0 2 

2N 2 0 4 + Al 2 Br 6 * A1 2 0 3 + 3N0 2 Br +2NOBr 

3N 2 0 4 + 2BBr 3 ► B 2 0 3 + 3N0 2 Br + 3NOBr 

N0 2 Br being unstable, decomposes to N 2 0 4 + Br 2 and the bromine 
orme in t e presence of the catalyst brominates the aromatic. In a similar 
catalysts ^ * ° ^ ^ esser ex teat, chlorination takes place with chloride 

sent!*!, °[. s °l‘d-acid catalysts in aromatic nitration frequently repre- 
henypnf. r vanta 8 es over liquid-acid catalyst systems. When alkyl' 

Nafion-H® at phaSe were nitrated with N 20 4 in the presence of 

are rather ft '■ mtratlon Was slow [29]. In general, solid-acid catalysts 
ine ective at such low temperatures. The isomer ratios of 
ene products (Table XIII), however, show that the products were 
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Tabic XIII. Nitration of Aromatics with 
Dinitrogcn Tetroxide over Nafion-H® 
Catalyst at 0“C in CCI* Solution 



Substrate 


% Isomer Distribution 


Toluene 


2-nitro (49) 




3-nitro ( 6 ) 




4-nitro (45) 


o-Xylene 


3-nitro (41) 




4-nitro (59) 


m-Xylene 


2 -nitro (16) 




4-nitro (84) 



iff 



obtained via a typical electrophilic aromatic substitution [8], This sharply 
contrasted with the nearly statistical isomer distribution observed in the 
free-radical nitration of toluene with N2O4, which is shown in Table XIV, 
together with typical data of electrophilic nitration with NO2 BF 4 [49]. 

Nitrations using nitrogen pentoxide, the anhydride of nitric acid, are well 
known [50]. Most of the work was carried out in solution in the absence of 
catalyst. Solid nitrogen pentoxide at low temperature is known to be 
nitronium nitrate, N0 2 NOJ . A study of the kinetics and mechanism of 
nitrogen pentoxide nitrations gave evidence, however, to the fact that 
other carriers of the nitronium ion may also play a role. Decomposition of 
H i0 4 and oxygen should also be considered if the N 2 0 5 used is not entirely 
pure. 

Klemenz and Scholler [51] have shown that solutions of N 2 0 5 in sulfuric 
acid are very effective nitrating agents having nitrating properties simi ar 
t0 those of solutions of nitric acid in sulfuric acid. 

Millen [52] found the ionization of N 2 0 5 in sulfuric acid to be 

N 2 0 5 + 3H 2 S0 4 = 2N0 2 + + 3 HSO 4 + H 3 0 + 



Table X IV. Free Radical Nitration of Toluene 
~ % Nitrotoluenes 



Ortho Meta Para 



N,Oj UV Irradiation 

37.2 38.1 

65.4 2.8 



N2O4 
NO2BF4 

Tetranitromethane thermal reaction <> 30PC) 

C(N 0 2 )4 % 34 

CfNO^-BF, 64 2 



24.7 

31.8 



158 



Geor & A. Okk 

Bachman [53] reported the use of the stable insoluble N 2 0 5 -BF 3 COm 
plex in aromatic nitrations; the active nitrating agent was NO 2 + BF 3 ON0 2 
We have found in our investigations that N 2 O s can be used as a very 
effective nitrating agent in Friedel-Crafts type nitrations in the presence of 
Lewis acid catalysts such as BF3, TiCl4, S 0 CI 4 , and PF$ in tetramethylene 
sulfone solution. It is not necessary to isolate the intermediate N 2 0 r 
Lewis acid complexes as the solutions of N 2 O s and the catalyst can be well 
controlled in homogeneous solutions. In general, the solution of N 2 0 5 and 
the Lewis-acid-catalyst (in equimolar quantities) is run into the stirred- 
and-cooled solution of the aromatic in tetramethylene sulfone. After the 
addition is completed, the mixture is allowed to come to room temperature 
and is then stirred for another 15 min. Alkylbenzenes (benzene, toluene, 
xylene, ethylbenzene, propylbenzene, butylbenzene, mesitylene) were ni- 
trated with yields of 87-95%. As the reactions are carried out in 
homogeneous media, the amount of dinitro products is negligible if an 
excess of alkylbenzene is used. Halobenzenes (fluoro-, chloro-, bromo- 
dihalobenzenes, benzotrifluoride) were nitrated with yields of 79-89%. 

When the N 2 0 5 nitration is carried out in liquid anhydrous HF as 
solvent (which does not appear to react with N 2 0 5 at a temperature below 
0°C) using a catalyst such as BF 3 , SbF 5 , PF 5 , AsF s , SiF 4 , NbF 5 , WF 6 , 
etc., a quantitative formation of the corresponding nitronium salts takes 
place. As HF also acts as a good ionizing solvent, an extremely active 
nitration medium is obtained. Nitrobenzene and benzotrifluoride are ni- 
trated with yields of over 90% at temperatures between — 20 and 0°C. 

One of the difficulties of using anhydrous HF as solvent (aside from 
some inconveniences arising from its being handled in laboratories not 
equipped for fluorine work) is the fact that it is a rather poor solvent for 
aromatics (solubilities are generally less than 2%) and, therefore, the 
reactions must be carried out by vigorous stirring of the heterogeneous 
reaction mixtures. The use of pyridinium polyhydrogen fluoride, a conve- 
nient HF-like solvent, overcomes much of these difficulties. 



IV. Nitration with Nitronium Salts 

Hydrocarbons are efficiently nitrated by nitronium salts under anhydrous 
t 1 1 t'c Ti & aS S ° Wn ^ ^ n g°ld et al. and subsequently developed by Olah 
« 154] as a general preparative nitration method 

RH + N0 2 MX~ . RN0 2 + HX + MX,,-, 

l rSt re P° rted I 55 ] the reaction of HNO a with HC10 4 . He 
. , at the product formed was a mixture of nitracidium perchlorate 
torutracidium perchlorate. It was left to Goddard, Hughes, and 
8 l oj, to show that Hantzsch’s preparation gave a mixture of nitro- 
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nium perchlorate and hydroni um perchlorate, from which the nnrotmm 
salt could be isolated only with difficulty. They themselves developed * 
preparation of pure nitronium perchlorate and a number of nitre 
sulfates were also reported 

N 2 O s + HCI0 4 ► N0 2 + CI0 4 “ * HN0 3 

HN0 3 + 2S0 3 > no 2 + hs 2 o 7 ' 

* (^ 0 2 ) 2 ^ 2^7 



N 2 O s + 2S0 3 
N 2 O s + HSO 3F 



HNO, 



* no 2 so 3 f- 

These and related salts were characterized by Raman spectroscopy and 
other physical measurements. 

A simple and efficient preparation of nitronium tetrafluoroborate was 
achieved by Olah et al. by letting a 2-mol excess of boron trifluoride react 
with an equimolar mixture of nitric acid and anhydrous HF [54], 

HNO3 + HF + 2 BF 3 — » N0 2 + BF 4 ~ + H 2 0-BF 3 

Water formed as byproduct in the reaction is bound by boron trifluoride 
as a stable hydrate from which BF 3 can be regenerated by distilling with 
su furic acid or oleum. Other nitronium salts (PFf, AsF 6 J can also be pre- 
pared in a similar fashion. The reactions, however, require larger amounts 
0 F s and AsF 5 because of their hydrolytic instability. The method thus 
can be used to prepare N0 2 + BF 4 ~, NOfPFf, N0 2 + AsF 6 “, NOTSbFT- and 
. C 2 ) 2 SiF| . As nitric acid, if not carefully purified, always contains 
n >trous acid (nitrogen oxides) the nitronium salts obtained generally con- 
tain nitrosonium ion (NO + ) salts (vide infra). 

Kuhn has found that nitric acid can be replaced by alkyl nitrates (free of 
nitrites) in the preparation of nitronium salts [57], 



R — o — N0 2 + HF + 2BF 3 » NOfBF 4 + R—0—HBF 3 

SbF 3 and AsF s react explosively with alkyl nitrates. Therefore, the re- 
action is limited to the preparation of NOfBFf , NOfPF 6 , and ( NO 2 )_> 
SiF i~ ■ This method provides extremely pure nitronium salts free of nitro- 
s °nium ion. 

Coon et al. [58] have reported the preparation of nitronium tnfluoro- 
•tiethane sulfonate based on the analogy of the related preparation of the 
Perchlorate or fluoroborate. Hydronium trifluoromethanesulfonate is. 
however, difficult to separate from the nitronium salt 

HN0 3 + 2CF 3 S0 3 H * N0 2 CF 3 SO.T + h 3 o*cf 3 so 3 

Nitronium trifluoromethanesulfonate can also be readily prepared by 
reaction of N 2 0 5 with either trifluoromethanesulfonic anhydride (Yagu- 
polskii [59aj or trifluoromethanesulfonic acid (Effenberger, [59b]). The 
former' gives pure salt free of nitric acid or hydronium triflate. 
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(CF 3 S0 2 ) 2 O + N 2 0 s 

cf 3 so 3 h + n 2 o 5 



-> 2N0 2 + CF 3 S0f 
N °2 cf 3 S0 3 +hno 3 
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Nitronium salts are colorless, crystalline, hygroscopic compound, w 
mum perchlorate, sulfate, and hexafluoroiodate are unstable The mt °' 
ous decomposition (explosive nature) of the perchlorate was 

by Ingold [60], I. is in all probability due to the equiUbriuJS? 
covalent unstable nitrate 4 Ura Wlth the 

no 2 CIOT o 2 nocio 3 

n0t g i ene r IIyreC0mm ended and extreme caution is 
• contrast, complex fluoride salts such as the tetrafluorohoraio 
and hexafluorophosphate are verv stahlp nni„ u , 0rae 

temperatures ( > 180 20fl°(A j. . ‘ y on Seating to higher 

responding^ UMs a “"d fluoride ^ deC ° mP ° Se ‘" t0 N °> F “ d lh ' » 

oo^Z%Z" d cTJ y ° f " i,r ° niUm tetra ^ uor °borate varies linearly with 

that the nitronium^alf 01110 measurements ln sulfolane solution indicate 

due to ion triplets and ^ present as * on P airs and the conductance must be 
io ion triplets and not separated ions [541. 

Raman spectrosropy^^NMRTndlT 611 characterized by infrared and 

topic and crystallopr’anhic a ’ and by x ‘ ra y crystallography. All spectros- 
linear structure. These so 6006 ' ncbca t es that the nitronium ion has a 
is necessary Ml ies are weP rev iewed and no further discussion 

Some ^ • 

available or can be reaHSiiT^ com P' ex fluoride anions are commercially 
Olah et al. from nitric acid IS^Pa' 6 / n . tbe laboratory by the procedure of 
acid, the commerical salt ppni u nitr ic acid always contains some nitrous 
lon impurities. This according? V> n f eds to be Purified from nitrosonium 
»0?PF 6 by recryst a rzS *° Rldd Can be *«Kly achieved in case of 
BF 4 , because of jt s limited US1I !^u n - tr0metbane * n tbe case °* 
obtain pure N0 2 + BF 4 f ree nf such Purification is difficult. To 

necessary to purify it f rom ■ starting from nitric acid, it is 

mediately convert it i mo the nif^ 3C ‘ d by treatme nt with urea and im- 
rates that can be prepared in r ° niurn * on [62]. Alternatively, alkyl ni- 
S ?? ° f NCK [ 57 f P f ° rm Can be convert ed into nitronium 

appT a relatively g 00d solvent for nitro- 

mter?, f ° r nitrati °ns wuhnTtroni S f y [63P Acetonitrile is also 
merac s with N0 2 and c ^ nitrile group ^cngly 

oomtem perature Thys ses ! a “*“ tnle *> sl «wly oligomerize even at 

temperature. 

’ nitr °propane can also 
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used as solvents for nitrations particularly with remarkably «4 *b k 
jjQ+pp- (-25%). On the other hand, nitronium tetrafluoroborate km 
little solubility in nitromethane (<0.5%). All solvents should be thor- 
oughly dried and purified. Although sulfolane has a relatively high melting 
point for a solvent (+28.9°), its large molar freezing point depression 
(66.2°) allows nitrations to be carried out in a wide temperature range. 
Methanesulfonic acid, trifluomethanesulfonic acid, fluorosulfuric acid, and 
even sulfuric acid have also been used as solvents especially for deactivated 
substrates. It is important to choose a solvent which by itself does not react 
with the nitronium salt and preferably provides homogeneous solutions. 



A. Arenes 

Nitronium tetrafluoroborate is the most frequently used nitronium salt 
for nitrating aromatics 

ArH + NOuBF^ * ArN0 2 + HF + BF 3 

The obtained byproducts HF and BF 3 can be readily recycled on an indus- 
trial scale and thus the nitration made catalytic. 

Results of preparative nitration arenes, haloarenes, and nitroarenes are 
summarized in Tables XV-XVII. Since HF and BF 3 are the only bvprod- 
acts of the reaction, nitration with nitronium salts can be carrie out un er 
anhydrous conditions. This is advantageous in nitration of aromatics con- 
taining functional groups sensitive to hydrolysis. Thus aromatic ’ 
acid halides, and esters can be nitrated in high yiel wit ou 

^f^atjon'of” aromatics with nitronium tetrafluoroborate is 
rind out in sulfolane or with the more soluble nnromum heMfluor^to 
Phate in nitromethane solution. Reactions can e car " act ; on times 
reactive aromatics from -20° to room temperature an lonser 

(5-10 min). Deactivated aromatics need higher 

reaction times. They are preferentially earned out in s g generalh 
tions (CF 3 S0 3 H, FS0 3 H, HF, H 2 S0 4 ). The 

formed in very high yield. Mononitrations, wit Thj j s different 

are achieved using an excess of the arom f C ^ ™V„;,ro com- 

from mixed acid nitrations, where the lg s0 f ' t ion of increased 
pounds in the acid layer frequently results in the formation 

amounts of dinitro byproducts. „;, rr ,nium tetrafluoroborate is 

The most serious limitation of the use of n most convenient 

its low solubility in many solvents. As mentio ■ J lubk t0 about 7%. 
solvent is sulfolane, in which the tetrafluoroborate is soluble 



Table XV. Nitration of Arenes with NOJBF 4 



Substrate 



Benzene 

Toluene 

o-Xylene 

m-Xylene 

p-Xylene 

Mesitylene 

Ethylbenzene 

n-Propylbenzene 

Isopropylbenzene 

n-Butylbenzene 

s-Butylbenzene 

/-Butylbenzene 

Biphenyl 

Naphthalene 

Phenanthrene 

Anthracene 

Fluorene 

Chrysene 

Benzo[a]pyrene 

Anthanthrene 

Pyrene 

Triphenylene 

Perylene 



Product 



Nitrobenzene 

Nitrotoluenes 

Nitroxylenes 

Nitroxylenes 

Nitro-p-xylene 

Nitromesitylene 

Nitroethylbenzenes 

Nitro-n-propylbenzenes 

Nitro-isopropylbenzenes 

Nitro-n-butylbenzenes 

Nitro-r-butylbenzenes 

Nitro-t-butylbenzenes 

Nitrobiphenyls 

Nitronaphthalenes 

Nitrophenanthrene 

9'Nitroanthracene 

2-NitroRuorene 

6 -Nitrochrysene 

6 -Nitrobenzo|a]pyrene 

Nitroanthanthrenes 

1-Nitropyrene 

Nitrotriphenylenes 

3-Nitroperylene 



% Yield of 
Mononitro Product 



Table XVI. Nitration of Haloarenes and Haloalkylarenes with NOJBF4 



Substrate 

Fluorobenzene 

Chlorobenzene 

Bromobenzenc 

lodobenzenc 

Benzotrifluoride 

p-Fluorobenzolrifluoride 

o-Dichlorobcnzene 

m-Dichlorobenzene 

p-Dichlorobenzene 

0-Difluorobenzene 

m-Ehfluorobe nzene 

p-Difluotobenzene 

a-Fluoronaphthalene 

0-Fluoronaphthalene 

Benzyl chloride 

B-Fluoroethylbenzene 

B-Chloroethylbenzene 

B-Bromoethylbenzene 



Product 



o,p -Fluoronitrobenzenes 


90 


o,p-Chloronitrobenzenes 


92 


o.p-Bromonitrobenzenes 


87 


o.p-Iodonitrobenzenes 


90 


m-Niirobenzonitrifluoride 


20 


3-Nitro-4-fluorobenzotrifluoride 


85 


N itro-o-dichtorobe nzenes 


70 


Nitro-m-dichlorobenzenes 


74 


Nitro-p-dichlorobenzene 


80 


Nitro-o-difluorobe nzenes 


82 


Nitto-m-difluorobenzenes 


79 


Nitro-p-difiuorobenzenes 


85 


Nitro-a-fluoronaphthalenes 


75 


Nitro-0-fluoronaphthalenes 


79 


Nitrobcnzyl chlorides 


52 


Nitro-B-fluoroethylbenzenes 


69 


Nitro-0-chloroethylbenzenes 


82 


Nitro-B-bromoethylbenzenes 


78 
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Table XVII. Nitration of Nitroarene* and Nitrohaloarene* with SOjfff, 



Substrate 


Product 


% Yield of 
Nitro Product 


Nitrobenzene 


m - Dinitrobcnzenc 


81 


a-Nitronaphthalene 


Dinitronaphthalenes 


85 


p-Fluoronitrobenzene 


2,4-Dinitrofluorobcnzene 


78 


o-Fluoronitrobenzene 


2,4-Dinitrofluorobenzene 


84 


2,4-Dinitrofluorobenzene 


Pieryl fluoride 


40 


p-Nitrochlorobenzene 


2,4-Dinttrochlorobenzcne 


75 


o-Nitrochlorobenzene 


2,4-Dinitrochlorobenzene 


77 


2,4-Dinitrochlorobenzene 


Pieryl chloride 


m 



m 



Table XVIII. Nitration of Arylcarboxyiic Acid Esters and Halides with 

N07BFT 



Substrate 



Product 



% Yield of 
Mononitro Product 



Methyl benzoate 
Ethyl benzoate 
Propyl benzoate 
Ethyl m-nitrobenzoate 
Benzoyl fluoride 
Benzoyl chloride 



Methyl m-nitrobenzoate 
Methyl m-nitrobenzoate 
Propyl m-nitrobenzoate 
Ethyl 3,5-dinitrobenzoate 
m-Nitrobenzoyl fluoride 
m-Nitrobenzoyl chloride 



88 

79 

82 

60 

69 

70 



Table XIX. Nitration of Aryl and Aralkyl Nitriles with NQ7BFj 



Substrate 

Benzonitrile 

0- Toluonitrile 
m-Toluonitrile 
p-Toluonitrile 
Nitro-o-toluonitrile 
Nitro-m-toluonitrile 
Nitro-p-toluonitrile 
p-Fluorobenzonitrile 
p-Chlorobenzonitrile 

1- Naphthonitrile 
Benzyl cyanide 



Product 



3- NitrobenzonitriJe 

2-Methyl-5-nitrobenzonitrile 

Nitrotoluonitriles 

4 - Methyl-3-nitrotoluonitrile 
3 5-Oinitro-o-toluonitrile 
Dinitro-m-toluonitriles 
3,5-Dinitro-o-toluonitrile 
4-Vluoro-3-nitrobenzonimle 

4-Chloro-3-nitrobenzonitrile 

Nitronaphthonitrile 

Nitrobenzyl cyanides 



<?c Yield of 
Nitro Product 



85 

90 

85 

92 

93 
84 

89 

90 
92 

91 
84 
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In nitromethane, its solubility is only -0.2%. Therefore, there i Sasi 
nificant need for more soluble and stable nitromum salts. 

Nitronium hexafluorophosphate (N0 2 PF5 ) in contrast to N0 2 BF4 was 
found to be much more soluble in many solvents. Its solubility in nitro- 
methane for example is >30%. Consequently is a very convenient nitrat- 
ing agent for aromatics (as well as aliphatics). It can be prepared similarly 
to tetrafiuoroborate by using HF and PF S . Lack of ready availability of PF 5 
may be, however, a limitation. 

Nitration of aromatics with nitronium trifluoromethanesulfonate (con- 
taining hydronium trifluoromethanesulfonate) formed in the HNO r 
CF 3 S0 3 H system have been studied by Coon et al. [58], Selective 
mono- and dinitration of toluene in 98% yield can be carried out under 
heterogeneous conditions by varying the reaction temperature. Low reac- 
tion temperature (-60 to -110°C) results in the formation of ortho- and 
/wa-nitrotoluenes, with meta-nitrotoluene limited to 0.2-0. 5%. The very 
limited meta-nitration is probably primarily due to the low reaction 
temperatures. The heterogeneous nature of these nitrations precludes 
comparison of data with homogeneous nitrations involving N0 2 BF* . 

Nitric acid-triflic anhydride (trifluoromethanesulfonic anhydride) is 
found by Olah et al. to be a very effective nitrating agent [8]. The system 
can be used in sulfolane or nitromethane solution. HNOj -(CF 3 SO 2 )20 
acts as nitronium triflate according to 



HN0 3 + (CF 3 S0 2 ) 2 0 » CF3SO3 H + no 2 CF 3 SC>3 

The reactivity of nitronium salts is further enhanced in strong acid such 
as ftuorosulfuric acid. Such solutions can be used to even trinitrate ben- 
zene to yield 1,3,5-trinitTobenzene, a reaction which was reported pr e ' 
viously only in low yield [64-66], 1,3,5-Trinitrobenzene is usually obtained 
on y indirectly [67], but can be prepared in good yield by nitration 0 
mew-dmnrobenzene with nitronium tetrafiuoroborate in fluorosulfuric 
Optimum reaction conditions require a reaction time of "3 h f 
j ’ t0 P ure 1,3,5-trinitrobenzene in 50% yield [41,69}- 

he data in Table XX show that higher yields can be obtained at 
snorter reaction times, with mixtures of di- and trinitro products necessi- 

trir>i»mh Un ^PLC. Longer reaction times give pure 

enzene ut also result in oxidative losses and hence lower yield- 

Sa tS ^ ^ most effect ‘ v e electrophilic nitrating agents f° r 
a , ° . ar ° matlc compounds under very mild conditions. They are also 

> m ™ trat * on °f heterocyclic aromatic compounds. The 

ttip et ® roc y clic compounds by nitronium salts was first studied in 

followed h P ^ n me N-nitration giving N-nitropyridinium ion i$ 

y nng opening, if excess pyridine is present, yielding glutaconic 
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Table XX. Nitration of w-Dinitrobenzene to U^Trimtroben/ew «), 
Nitronium Tetrafluoroboratc (N0 2 ‘BF 4 ) rn Fluorovulfur.c acid <FSO Ft ) 
Solution at 1 5(fC 



Reaction Recovery of Nitro 1,3.5-Trinitrobenzenc in I 3.5-Trm.iro- 
T.me Compounds (%) Total Nitro Products (%) benzene [%) 



0 


100 


0.5 


95.2 


1.0 


90.3 


1.7 


82.5 


2.2 


77.7 


3.0 


64.8 


3.4 


56.7 


3.6 


52.3 


3.8 


49.3 


4.0 


44.8 


4.2 


39.4 



0 


0 


38.0 


36.2 


60.4 


54.5 


80.0 


66.2 


85.0 


66.0 


95.0 


61.6 


98.2 


55.7 


99.4 


52.0 


100 


493 


100 


44.8 


100 


39.4 



aldehyde 

C 5 H 5 N + N0 2 BF^ *• C 5 H 5 N— N0 2 BF 4 

C s H 5 N-N0 2 BF 4 -^ [C5H5N— CH=CH — CH=CH — CH=NN0 2 j BF 4 -- 

[C 5 H 5 N — CH=CH — CH=CH — CHOJ BF 4 ~ 



Reverse addition of pyridine to excess nitronium salt gives stable N- 
nitropyridinium salts [16]. No N-C migration of the nitro-group is. how- 
ever, observed even on heating. On the other hand, aikyimtropyndmium 

salts are good transfer nitration agents [16,71,72,73], 

The preferential N-nitration of pyridine would seem to indicate that 
direct electrophilic C-nitration is difficult to achieve expect in stencally 
crowded systems and when the nonbonded nitrogen electron pair is occu- 
pied such as is the case in pyndine-A'-ox.des which are readily nitrated n 
the 4 position. Pyridinium salts have deactivated rmgs and are nitrated only 

Wt Ni^r^din?r:Ned nitric-sulfuric acid gives a low yield of 
the 3 nitro product indicating that the nitration is that of the pyndin.um ,on 

formed bv protonation in the acid medium. 

When reacting sterically crowded 2,6-di- and 2,4,6-tn-tert-butylpyndme 
■ I ■ m Jtrafluoroborate, nitration occured exclusively in the nng. 

dine was reacted with NO.'BF, .a dr, 01,0, 
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George A nt L 

or CH 2 Cl 2 /sulfolane, apart from unreacted starting material * 

rerr-butyl-4-nitropyridine and 6% 2,6-di-rm-butvl-3 4-din, t.’ 8%2 ’ 6 -di- 
formed [74]. ’ Pyridine was 

Similarly, 2,4.6-tri-rm-butylpyridine when reacted with No+nt- 
CH 2 CI 2 gave 36% 2,4,6-tri-tert-butyl-3-nitropyridine as the onU, in 
CM and Kuhn reported rha. rhiophene Z ms 
y.eld on miration with N0 2 + BF 4 [17], while the nitration of furan‘ , 
a 14% yield of nitrofuran. 3-Nitro-6-phenyl-2-pyridone has u tS m 
in 40* yield hy the nitration of .52^ 

B. Alkanes 

tion, etc.). It is hnwpv*. ubsequent polycondensation, polymeriza- 
the lack of reactivity of “n t0 P °‘ nt ° Ut that ^ * s not necessari, y 

of saturated hydrocarhn 1 ^ 8 ™ 5 Wlth mixed acid that makes the nitration 
any „i, r “ °^ U , nSU,,a “ e ' >’“.•'*! <*• secondary reaction, of 
place. This difficulty can be oxidative side reactions) can take 

nitronium salts as nitrating agents* ^ ° Vercome by usin g P reformed 

studied reactions, etectronVr^r adrabon ' s one of the most thoroughly 
nized. It was only after tho 3 adc n i tra tion remained long unrecog- 
fective nitrating agents that h eve ®P ment °f stable nitronium salts as ef- 
of alkanes and cycloalkane-; electro Phihc nitration and nitrolysis 

substitution (of hydrogen forTh [?6] ’ t The terms are defined as 

^~A bonds), respectively] 6 nitr ° ® rou P) and nitrolytic cleavage (of 

PF 6 ~ but also the hexafluo^!!! 111 ^ 311 ^ enera, ly the hexafluorophosphate 
2 ) in methylene chlorid” lm ° nate N ° 2 Sb F6 ortetrafluoroborate 

a owed to react with the alkan^ tetramet hylene sulfone solution was 
a en to avoid moisture and othr- • CyC oa * kane ), with usual precautions 
a ‘ room temperature (25°n . , lm P uri ties. Reactions were carried out 
nit ra< !l Cal S ‘ de react ions and/o^ ^ t0 avoid or minimize the possibility 
alkanes Particularly read! V T" ^ deava 8 e reactions (tertiary 
ystem initially is acid pr ° tolytic ^age, even if the 

su mmanz ed in Table XX, Ut nUrat, ° n forms «*)• Datf obtained are 
25 onlv 0 1 % r,f • 

tuethanc. Subsumti.lly in the nitration of 

tenfold, increased yields were obtained in 
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Table XXI. Nitration and Nitrolysis of Alkane* and 
Cycloalkanes with NOfPF „ in CH 2 C1 2 - Sulfolane Solutton at 
25°C 



Hydrocarbon 


Nitroalkane Products and Their Mol Ratio* 


Methane 


ch 3 no 2 

CH 3 N0 2 >CH 3 CH 2 N0 2 , 2.9 1 


Ethane 


Propane 


CH 3 N0 2 >CH 3 CH 2 N0 2 >2-N0 2 C,H 7 > 
1-N0 2 C 3 H 7 , 2.8: 1:0. 5:0.1 


Isobutane 


tert-m 2 C 4 H 9 >CH,m 2) 3:1 


n-Butane 


CH 3 N0 2 >CH 3 CH 2 N0 2 >2-N0 2 C 4 H 9 ~ 

1-N0 2 C 4 H 9 , 5:4: 1.5:1 


Neopentane 


CH 3 N0 2 >rer/-C„H 9 N0 2 , 3.3 : 1 


Cyclohexane 


Nitrocyclohexane 


Adamantane 


l-Nitroadamantane>2-nitroadamantane 

17.5:1 



F and HSO a F (or other superacid) solutions (see subsequent discussion). 

Jgher alkanes and isoalkanes gave yields of 5-10% and adamantane was 
nitrated in 30% yield. Data indicate that nitration (nitrolysis) of alkanes 
with nitronium salts proceeds in accordance with the generalized concept 
0 electrophilic reactions of single bonds [77] involving two-electron, three- 
center bond carbocationic intermediates (transition states) as illustrated 
with case of the nitration of methane. 



ch 4 + no 2 + pf 6 ' ch 3 -< H I ch 3 no 2 
L ' n°2j ‘ 

In cases of higher hydrocarbons, nitrolysis of the C — C bond also takes 
place in competitive reactions (Scheme 1). 

The nitronium ion nitration (and nitrolysis) of alkanes and cycloakanes 
follows the same pathway as protolytic reactions and alkylations [78] (i.e.. 
foe reactions proceed via two-electron three-center bond five-coordinate 
carbocationic transition states formed by the nitronium ion attacking the 
two-electron covalent cr bonds, forcing them into electron-pair sharing. It 
should be remembered that the linear nitronium ion 0=N + =0 has no 
vacant orbital on nitrogen (similar to the ammonium ion) and therefore per 
se can act only as a polarizable electrophilic nitrating agent. In contrast to 
tr-donor aromatics, rr-donor alkanes are weak electron donors and particu- 
larly primary C— H bonds (as those in methane) seem not bring about such 
Polarization The “reactive” nitronium ion in nitration of methane thus 
must be somewhat bent (i.e., at least partially rehybridized from sp to sp 2 ) 
with a developing empty p-orbital on nitrogen. The driving force for 



h 3 cch 3 +no 2 + pf 6 - 



CH3CH2CH3 + no 2 PF«T 



CH 3 — C — H 



NO/ PE/ 



H ~ + 

ch 2 ch 2 ~< — ch 3 ch 2 no 2 
i no 2 

— 1 



h 3 c>. .'CH 3 V 



CH3NO2 + CH,F + PF 5 




ch 3 ch 2 ch 2 



,' n -H 

— ( » 

'no 2 



ch 3 ch 2 ch 2 no 2 



(CH 3 ) 2 CH~< 



(CH 3 ) 2 CHN0 2 



CH 3 CH 2 -. t .' ch 3 1 + ^ ch 3 ch 2 no 2 + CH 3 F + PF S 

t 

no 2 J ^ ch 3 no 2 + ch 3 ch 2 f + pf 5 




(CH 3 ) 3 C-< 



(CH 3 ) 2 CH~< 



I ( plJ 

H3C— C— CH 3 + NOj PFi" ^ H 3 C — C — t' 3 



^ (CH 3 ) 3 CN0 2 

"I 

HNO 2 + [(CH 3 ) 3 C + ] > secondary product 

— > ch 3 no 2 + (CH 3 ) 2 CHF + pf 5 



ch 3 no 2 + (CH 3 ) 3 CF + pf 5 
(ch 3 ) 3 cno 2 + ch 3 f + pf 5 



Scheme 1. NO? Nitration of Alkanes 
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forming the bent nitronium ion must be the ability of the oxygen non- 
bonded electron pairs to coordinate with the strong acid present rn the 
nitration systems. Protosolvation should result in at least partial bending 
and development of an empty bonding orbital on nitrogen. If full protona- 
tion would be achieved (for which there is yet no direct experimental 
evidence) the protonated nitronium dication N0 2 H 2 " 

^/OH 

0=N 7 

0 



would be fully bent with an empty atomic orbital on nitrogen and could be 
considered as the ultimate electrophilic nitrating agent. The protosolvated 
nitronium ion indeed may be the reactive species formed in superaridic 
nitrations (hence the higher reactivity of nitronium salts in these solutions). 
Whereas reaction at the C — H bond results in substitution of nitro group 
for hydrogen, reaction at C — C bond causes nitrolysis as shown in the 
reactions of ethane, propane isobutane, and neopentane. 

C — C bonds are generally more reactive than secondary or primary 
C — H bonds, leading to preferential nitrolysis of n-alkanes. The nitronium 
ion, which is linear by itself, does not seem to exercise excessive steric 
hindrance in the transition state, where it is substantially bent (as indicated 
also from its behavior in electrophilic aromatic substitutions). Side prod- 
ucts of the nitrolysis are methyl, ethyl, and isopropyl fluoride (formed by 
the reaction of PFg with the cleaved alkylcarbemum ions) or secondary 
alkylation products, which by themselves are capable of undergoing reac- 



on with the nitronium salt. , . - 

Tertiary C-H bonds show the highest reactivity. However, protolyt.c 
eavage of tertiary and secondary nitroalkanes is a major side reaction, 
id can lead to the formation of a variety of byproducts. Protolyt.c demtra- 
M was demonstrated by reacting 2 -nitro- 2 -methylpropane with FSO-.H 
)F HF-SbF, and HF-PF 5 at -80°C. The protolytic devage reaction 

‘1 

ZZZZnL'- A, the sa„e 

ne r-butylation products were observed. 



H + 



(ch 3 ) 3 cno 2 ^ [(CH 3 ) 3 CN0 2 HJ + - 

The steric requirements for reaction with tertiary C—H 
alkanes are limited, because of the initial linear nature of the nitronium 



(CH 3 ) 3 C + + HNO 2 

bonds in 
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ion 
sulfolane 



‘°'ge A. 



Adamantane is nitrated with nitronium salts in methyle ^ 

>lane mixtures, to form 1-nitroadamantane in 10-30% vna Cl,l0ride ~ 
nitromethane or nitroethane solution, yields of 70-80% d In . pure 
Because of the rigid structure of the adamantyl cage geomet^"^' 
straints allow only front side attack by the nitronium ion Th C ° n ' 
therefore proceeds via an S E 2-like electrophilic substitution invnl?*? 
cr-electron pair of the involved C — H bonds. lvin 8 the 




effect study of th^rat” 8 "* tlie react ^ on ’ a kinetic hydrogen isotope 
compared with that of lfpht ? tratl0n of 1 » 3 >5,7-tetradeuterioadamantane 
effect adamantane showed a kinetic hydrogen isotope 

,,a “ <« *<* oftaXcatat r“ 




+ N0 2 + PFr 




NO, 



_-H* 

*2 




—.nparea to tcrti c 

primary and secondary C J-r k ,° nds ’ ^ C bonds are less reacth 

nitration (nitrolysis of C r k °j x S bave even *°wer reactivity. Cleava 

tio ^ Cbonds )° f alkanes is the predominant re £ 

obtained by carrying out fhe i " Creased yidds of nitromethane can I 
HSOjF. As no protolytk reaction™? 0 " ° f methane in anhydrous HF . 
reaction conditions, no protolvtir K° f nit ™ methan e occ urs in HF under tl 
he nitration of isobuta^e in HF 5 !™^ 3re formed - However, durii 
consists of l-nitro-Z-mTh^lp 9 ° % ,° f the nitr °dkane obtaine 
formed in nitronium salt „2 CC ° nly traces of this isomer ai 
hon, this product must be fomedT' chlond e-suIfolane «> 1 . 

formed from isobutylene, which in turn 
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formed either by the direct reaction between isobutanc and HP/PF, or 
more probably from the protolytic cleavage of 2-nitro-2-mcth>lpropa»e. 

< p* 3 s (CH 3 ) 3 CN0 2 (CH 3 ) 3 C* ^hno 2 

CH 3 — C— -H |-H- 

cn 3 H ' X (ch 3 ) 3 c + + h 2 (ch 3 > 3 c=ch 2 

j NO,' 

0 2 NCH 2 CH(CH 3 ) 2 0 2 NCH 2 C‘fCH 3 ) 2 

Nitration of dinitrobenzene to trinitrobenzene and other deactivated 
aromatics with nitronium salts is greatly facilitated by carrying out the 
reactions in superacids (FS0 3 H, CF 3 S0 3 H, etc.). 

The unexpectedly high reactivity of the nitronium ion in FS0 3 H or 
CF 3 S0 3 H solution is attributed to its protosolvation. 

0=N=O 0=N=0 H0S0 2 F > 

Q 2 * 

fO=N=0— H] * — * [0=N— OH] 

Fully protonated nitronium dication was found to be unstable by 
Simonetta’s quantum mechanical calculations [79aJ. However, recent ab 
initio calculations with 6.31G** basis set indicated a minimum [79b], 
Evidence for protosolvation of nitronium ion by fluorosuifuric acid comes 
also from infrared studies. The O— H stretching frequency of fluorosui- 
furic acid in AsF 3 is shifted from 3300 to 3265 cm- 1 upon addition of 
10% w /w NOTPFa. Simultaneously, the O— H band broadens. The N O 
stretching vibration at 2380 cm" 1 , however, does not shift or broaden 
significantly under these conditions. , 

Nitronium salts as discussed react extremely readtly «.h ' 
matic compounds as well as with alkenes and a kynes (v * "W 
also show high reaction, • hyd[I2()nes su | fides . s „|y 

Sth^Tn’d phosphines- However, their reaai.it, rewards „ 

donors is understandably much^ower.^^^ (r . donors aJso 

Another reaction mode resulting in the formation of carboca- 

exists where N0 2 acts as f R d ate constants and efficiencies 
of th e^as^lmse hyd ride transfer reactions from allcanes to NO? have been 
measured [80]. 

NO^ + RH * R + + HONO 
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A. ou 

The efficiency of hydride transfer to NO^ is very low H 
phase studies indicate disproportionately high efficiency for a h Wever > gas 

a tertiary hydrogen. The efficiency of hydride abstraction h?S!° f 
relatively higher. " 1NU is 

It has been demonstrated in solution phase studies that carberT 
might be formed directly from alkanes via formal hydride 
instead of via nitration followed by protodenitration. ct,on > 

RH + NO2 — » r + + hno 2 

RH + N0 2 — R-N0 2 + H + — h. R + + HN0 2 

t re !?‘° n * S Carried ° Ut in acet °nitrile then the carbocation is con 

th ^ corres P ondin g a ™de by the Ritter reaction. 2-Methybutane 

the In h "'h 0 " 111 " 1 tetraflu °r°borate in acetonitrile solution to provide 
the corresponding amide in moderate yield . P 

O 

H I 

\ / H NH— C— CH 3 

'A_y 

X / \ ch 3 cn / ^N0 2 

yield (75 %) onTeactkjn wklf NO ' 3 miXtUfe ° f acetamides in hi § h 
When the nitration J , Bp4 ln acetonitrile, 
acetonitrile upon aqueous & a " lantane with N0 2 BFJ is carried out in 
in 88% yield. Similarly Up ^'^' adamant yi)acetamide is obtained 

in 77% yield. Bicyclol2 2 71 orna ne yields jV-(ej;o-2-norbonyl)acetamide 
amides. OC ane gives in 73% yield the corresponding 



») N0 2 ‘BF. 

CH,CN 
b) H 2 0 



NHAc 



NHAc 



NHAc 



The reaction 13% 

bocation, which undergoes^uh^V' 3 m ' tial forrnation of bicyclooctyl c 
he ratio of isomers formed is annr qUem rearran g e ment. It is striking tl 
enzation of the carbocation St a the same a * in the similar iso 

octy-2-p-bromoben2enesulphonate t‘K the S ° lvoysis of bicyclo[2.2. 

mechanism [81 ,82], P ate ’ whlch 15 >n support of the carbocatioi 
From these studies it ic 1 
" ,toM to " ,n ,he 
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with nitronium ion. In nitromethane, methylene chloride-sulfolane or 
fluorosulfunc acid, the pentacoordinate transition state leads via demZ 
tonation to nitration. In the more strongly nucleophilic acetonitrile the 
solvent reacts with the incipient carbocation. 



/ii 

R-< 

^-*'E 

N=C— CH 3 



R — N=C — CH 3 



This dichotomy is quite evident in the reaction of cyclooctane with 
nitronium trifluoroacetate. The products obtained were cydooctyl triflu- 
oroacetate, cyclooctyl nitrate and nitrocyclooctane. Conversion of adaman- 
tane to 1-fluoroadamantane in 95% yield on reaction with nitronium 
tetrafluoroborate in pyridine polyhydrogen fluoride indicates that for- 
mation of adamantyl cation by formal hydride abstraction is a significant 
alternative to the nitration-protodenitration pathway. 




C. Alkenes 

The reaction of nitronium salts with olefins depend on the nature of the 
alkene and the reaction conditions. When excess alkenes react with nitro- 
nium salts, the nitrocarbenium ion formed can initiate polymerization [83], 

^h 5 ch=ch 2 + no 2 + bf 4 " — * c 2 h 5 chch 2 no 2 bf 4 » 

r ] 

n(c,H,cH-cH;) v QpjjCH — j CH 2 “CH — J~CH=CHC 2 H 5 + HBF 4 

ch 2 no 2 

. . . ion can also be stabilized as a result of an intra- 

he nitrocarbe nitrocarboxonium ion. The latter reacts with 

nolecu ar rearrangement ^ 

,ater to form the corresponding ketone [84], 
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(CH 3 ) 2 C=C(CH 3 ) 2 + N 0 2 + — - (CH 3 ) 2 C— C(CH 3 ) 2 — * 

+ono 2 o 

(C „ 3 ) 3 C-C-CH 3 JSS. (CH 3 , 3 C-LcH J + m0! 

Olah and Nojima have shown [85] that when alkenes are allows 
react with equimolar mtronium tetrafluoroborate in 70% hvH “ ° 
fluoride-pyridine, nitrofluorination takes place. y rogen 

Rm^ru. j.Mn + nr- pyridinium (HF),F~ 

H <-H2 + N0 2 BF 4 RCH — CH 2 — N 0 2 

F 

The mtrofluorinated adducts can be obtained in good yield (Table XXIII 

Coat useful ‘“C « £ 

bases. n glVe nitroa ^ kanes via dehydrofluorination with 

thus do norrequhr^forttf^f StablIized nitr °carbenium ions and 
these alkenes RF~ « , e ^ ormatlon °f / 3 -nitrofluoroalkanes. With 

Extensive s’tudies oAhe NO + BF° n ? efficient Source of F "' 
the Soviet literature a Bp4 nitratl0n of alkenes were reported in 

'eview has appeared [86], 

the nitrocarbenium ion w mt ™ nmm salts is carried out in acetonitrile, 

solvent to form nitroaMtamiteJg)). 1 ' 5 Und ' rS ° Wtter reaCti ° n 

R*R 2 C=CHR 3 + NO2 BF4 ai RtR 3 c*CHR 3 NO a BF 4 - 

JCHjCN 

R 1r2 cchr 3 no 2 rVcchr 3 no 2 

NHCOCH3 + N=CCH 

b) R 1 1 r2*= r 3 = H ' yie,d 50% 

c) R» = r 3 = ^ 3 ’R-H, yield 23% 

The mode of th CH3 ’ R ~ H ’ yield 13% 

[he nature of ° lefinS and nitronium salts depends on 

ohexene reacts with NO, + BF~ ? ^ eactlon conditions. For example, cyc- 

the formation of 3-nitrocvclohel° f ° m f nitrocarb °cation, which leads to 
cyclohexene in 40% yield [88,69], 

C^J] + no 2 + bf 4 r^y" N ° 2 ^\.no 2 
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Table XXII. Nitrofluorination of Alkcncs with Ni.ronium Tewrfyorotawe m - - 
Polyhydrogen Fluoride 



Alkene 


Reaction 

Temperature 

(°C) 


Reaction 
Time (hr) 


Product 


YkUS<%) 


Hihcne 


20 


1 


l-fluoro-2-nitroethane 


40 


P/opene 


20 


1 


2-flu oro- 1 -mtropropane 


if 


2-Bu(ene 


20 


0.5 


2-fluoro-3-nitrobutane 


M 


]-Hexene 


0 


1 


2-fluoro-l-nitrohexane 


65 


Chloroethene 


20 


2 


1 -chloro-l-fluoro-2-nitroethane 


40 


U-Dichloroethene 


20 


2 


1 , 1 -dichloro-l-fluoro-2-mtroethane 


45 


Cyclohexene 


0 


1 


1 -fluoro-2-ni trocyclohexane 


70 




20 


0.3 




m 



The nitration of 1 -substituted cyclohexenes is accompanied by the forma- 
tion of 2-fluoro-l-nitro-2-/?-cyclohexanes [90,91]. 




a) R = CH 3 , yield 30%; b) R = Cl, yield 60%. 

Alkenes with a reduced electron density, for example 3-methyl-2, 
5-dihydrothiophen 1,1-dioxide, react withNO^BF 4 to give 



CH 



'Q 



NOfBF, 

-10*C 



ch 3 . ,no 2 

u 



ch 3 no 2 

Q 

S02 



The reaction of 3, 4 -dimethyl- 2 , 5 -dihydrothiophen 1,1-dioxide, in which 
the double bond is blocked by the methyl groups, apparently proceeds via 
an electrophilic substitution mechanism [92], 



CH 3 




,ch 3 



no/bf; 



S0 2 



CH 3 . / CH 3 

SO2 no 2 



a *■ the reaction of nitronium salts with olefins proceeds via 

As mentione , . bocation and the decisive factor that determines 
ie formation of a mtro ^ ^ stabilization 0 f nitrocarbocation and the 

»s “ c iwsion inlo ,h e final product One of ,he methods apphed 
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involves nitration in acetic anhydride. It has been suggested that the 
complex N0 2 + BF 4 -*Ac 2 0 reacts and that 2-acetoxy-l-nitroalkane i s 
obtained in 36-60% yield after hydrolysis of the reaction mixture [93], Th e 
reaction involves mainly eft-addition: 



r 1 R 2 C =CHR 3 + N0 2 + BF 4 - — AcOCR 1 R 2 CHR 3 N0 2 

a) R 1 = CH 3 R 2 = R 3 = H; b) R 1 = R 2 = CH 3 (cir, trans), R 2 = H; 
c) R 1 =R 2 = CH 3 , R 3 = H. 

4-Acetoxy-4-methyl-2-pentanone is isolated together with the nitro- 
acetate in the nitration of isobutene, which indicates the formation of an 
acylium cation in the reaction. 

The nitration of cycloalkenes is as a rule accompanied by the formation 
of the (3- and 6-nitroacetates in 18-29% yields [94]. 




OAc 



OAc OAc 




no 2 

The high degree of stabilization of the nitrocarbocation in the nitration 
of norbornene in acetic anhydride ensures a high (86%) yield of 

2-acetoxy-7-nitrobicyclo[2.2. 1 jheptane. 

The interaction of nitvonium salts with the heteropolar C— N double 
bond in nitroalkane salts is of great interest. Olsen et al. showed that 
gem-dinjtro compounds are formed in the nitration of 2-nitropropane and 
mtrocyclohexane salts with N0 2 + BF 4 ~ in acetonitrile [95], 

R 1 R 2 C=N0 2 M + NOj bf 4 — * r'r 2 c(no 2 ) 2 + mbf 4 

a) M = Li, b) M = Na, c) M = K 



D. Alkynes 

reacts B ° S * Wel1 ^ have shown that nitronium tetrafluoroborate 

a furoxan^in 89%°y(eld. et ^ yn ^* a ^ amantane * UnUSUa ‘ reaCti ° n l ° ^ 
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Schmitt et al. [97,98] obtained in high yield nitroacetyJenes by the 
nitrodesilylation of trimethylsilylacetylenes. 



(CH 3 ) 3 Si fee Si(CH 3 ) 3 (CH 3 ) 3 Si-feC-N0 2 

l,2-bis(trialkylsilyl) substituted unsymmetricaJ acetylenes showed high 
regioselectivity in the nitro-desilylation reaction. The regioselectivity was 
determined by the ease of attack of F - at the Jess-hindered silyl substi- 
tuent. Table XXIII summarizes the data. 

Nesmeyanov et al. [99] and Jager et al. [100] described the synthesis of 
nitroacetylenes by nitrodestannylation of alkynylstannanes. 

R 3 SnCs=C — R' + NO^BF^ > 0 2 N — CsC — R' + (CH 3 ) 3 SnBF 4 

Petrov et al. reported the nitrodestannylation of trimethylstannyl- 
acetylenes with N 2 0 4 , albeit in low yield. 

R— C=C— Sn(CH 3 ) 3 + N 2 0 4 > R — C=C N0 2 

R=Ph, t-Bu, Me 3 Si 

Nitrodestannylation with N 2 0 5 also yields the corresponding nitro- 
acetylenes in acceptable yield. 



E- O-Nitration 

Studying the acid-catalyzed nitration of alcohols Ingold extended his 
general scheme of aromatic electrophilic C-mtration to the nitration a, 
oxygen (and nitrogen) centers [101]- 



Table XXIII Nitroacetylenes via Nitro-Detrimethylsilylation with N.tronium 
able XXIII. T( . fra fl uoro borate and Hexafluorophosphate 


Starting Material 


Product 


Yield ( < V) 


(CH 3 ) 3 SiC=CSiCHjj 
(CH 3 ) 3 SiC=CSi(CH 3 )2 CH(CH 3 j2 

(CH 3 ) 3 SiC=CSi(CH 3 h C(CHjh 

(CHO.Sir=CSifCH(CH 3 j2_b 


(CH 3 ) 3 SiGsCNO, 

(CH 3 )-CH(CH 3 ) 2 SiC=CNOj 

(CH 3 ) 3 SiC^CN0 2 

(CH 3 ) 3 -C-(CH,),SiC=CNO, 

(CH 3 ) 3 SiC=CN0 3 

[CH(CH 3 ) 2 l 3 SiCs=CNCK 


■v 

54 

6 

59 

29 

57 
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HNO 3 + HNO 3 H 2 N0 3 + +NO 3 (fast) 

H 2 NO 3 — ^ NO 2 + H 2 0 (slow) 

NOj+XH » XH-N0 2 (slow) 

XH-N0 2 +N0j * XNO 2 + HNO 3 (fast) 

X = RCT, R 2 N~, etc. 

While studying the O-nitration of alcohols, glycols, and glycerin with 
excess nitric acid in nitromethane solution, Ingold et al. [102] found the 
reactions to be of zeroth order and identical in absolute rate with one 
another. For the nitration of methyl alcohol, low concentration of sulfuric 
acid increased, whereas nitrate ion decreased the rates. When sufficient 
water was added, the kinetics changed to first order. Clearly the formation 
of the nitronium ion is rate limiting in nitration in the absence of significant 
amounts of water. O - (and also studied N“) nitrations thus show close 
similarity to electrophilic aromatic C-nitrations with nitronium ion. 

Indeed a significant improvement in the preparation of alkyl nitrates 
was achieved by Olah et al. [103] who applied stable nitronium salts, such 
as NOJBFJ in their preparation. 

ROH + NO 2 BF 4 » RONO 2 + HF+BF 3 

The reaction gives high (frequently nearly quantitative) yields of primary 
and secondary alkyl nitrates (Table XXIV). 

In the conversion of alcohols to alkyl nitrates with nitronium salts, the 
reaction proceeds via the formation of an N-nitrooxonium ion followed by 
proton loss. 



Tabic XXIV. Preparation of Alkyl Nitrates 
from Alcohols and NOJBF/ 



R 


% Yield (Isolated) 


CHj 


87 


CjH, 


92 




87 


n-C 4 H„ 


94 


n-C,H„ 


86 


c*h 4 f 


88 


c 2 h 4 ci 


85 


C 2 H 4 Br 


72 


CF 3 CH, 


72 
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no 2 

R— O—H + N Of ♦ R o h ~ H \ 



m 



R — O— VO? 



Nitronium salts also read with the o*yge„ of the ether hnkaee The 
ton formed ,n the reaction is readily converted in hiS'Jei 
into the corresponding aldehyde or ketone [104], ^ ^ 



RCH 2 OCH 3 + N0 2 BF. 



R-CH 2 0+CH 3 BFf 
no 2 



J 



HNOj 



RCH0 Rch=och 3 br 4 - 



R=C 6 H 5 CH 2 , p-CH 3 C 6 H 4 CH 2 , p-N0 2 C 6 H 4 CH 2 

no 2 

R 2 CHOCH 3 + no 2 — » r 2 choch 3 r 2 c=o + ch 3 R 2 C =0 

In the presence of other nucleophiles, the nature of the product changes 
significantly. Thus, methyl ethers of adamantan-l-ol, r-butanol, and exo- 
norboran-2-ol react with nitronium tetrafluoroborate in acetonitrile solu- 
tion to yield the products of a formal Ritter reaction. 



no 2 

R ~~°— ch 3 + no 2 + * R— o— ch 3 



CHiCN 



R — NsC — CH 3 R — NH — C— CH 3 



Ethers of secondary alcohols, in general, show poor regioselectivity in 
the second step, thus yielding mixtures of amides as well as products of 
oxidation via HN0 2 cleavage (vide infra). In an analogous reaction treat- 
ment of 1 -methoxyadamantane with a 1 1 1 mixture of acetyl nitrate and 
HBF 4 resulted in its conversion to 1-acetoxyadamantane in high yield. 

Desilylative nitration of vinyloxysilanes with NOfBFf was also studied. 

Enol silyl ethers undergo facile nitrodesilylation to yield the correspond- 
ing a . nitroketones in moderate yield [105]. 



H 3 C 



OSi(CH 3 ) 3 

A*, 



Norgrr 

CHjCN, 2S*C 



h 3 c 



o 



45% 
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37% 



38% 



The reaction probably proceeds via O-nitration, a mechanism similar to 

the reaction with alkoxysilanes followed by isomerization of the vinyl 
nitrate. J 

O 



OSiMe 3 



ch 3 /C \h 2 



+ no 2 + 



ono 2 

I 

ch 3 x \h 2 



/ c \ 

ch 3 ch 2 no 2 



F. N-Nitration 

and Kuhn [d06] ^ n ’ trat ' on am ines by nitronium salts was by Olah 

are ni,rate,i by N ° 2 " BF - r in suifo ' ans: ° r 
. 2RiNH + N0 2BF4 » r 2 n— no 2 + r 2 nh-hbf 4 

was Studied suW^fly^Q. nitro ” lu ®“ tetraflu °roborate to nitramines 
Satisfactory yields of Ji ’ SCh ’ and Hamel [ 107 J. 
lents of secondarv alinh .• miries were obtained by reacting two equiva- 
solution (Table xx V) h "“h* 8 with N ° 2 + BF 4 - in methylene chloride 



D^riJati^wUh'S" * ^ Their 

■ h Nitronium Tetrafluorob oratc 

Compound Yield of ,V- Nitro 

Derivative (%) 

O'-n-butylamme 

Morpholine 54 

p£mS an0ethy,)amine 2 

85 
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Reaction of a primary aliphatic amine, n-butylamine. however gave 
only a 20% yield of «-butyl nitramine. In contrast, picramide gave N -, 2 
tetranitroaniline in 85% yield. 

Extensive studies of N-nitration were carried out by Soviet investigators 
and the topic reviewed [86]. 

It was shown [108] that the nitration of aromatic amines proceeds 
| differently depending on their basicity. Amines of moderate to low basic- 
ity, such as bis(2-cyanoethyl)amine (pK. d = 5.25), bis(2,2,2-trimtroethyl;- 
amine (p^ a — 0.05) are nitrated by NO^BF 4 to the corresponding 
N-nitramines in acetonitrile or ethyl acetate in yields of 87-98% . The 
nitration of highly basic dialkylamines (p K a = 8.70-11.15) is accompanied 
by the partial reduction of N0 2 BFT to nitrosonium tetrafluoroborate and 
the formation of nitrosamines. The content of nitrosamine in the reaction 
mixture increases with increase of the reaction temperature. Nitronium 
hexafluorosilicate proved to be a milder nitrating agent; its application 
makes it possible to reduce greatly the formation of nitroso- derivatives. 

The nitration of aliphatic-aromatic amines also proceeds smoothly and 
the low acidity of the medium makes it possible virtually to avoid the 
N-nitro — » C-nitro rearrangements [108]. 

Aromatic methylene-bis-amines, which are unstable in an acid medium, 
were nitrated for the first time with nitronium salts and fV,./V'-diaryImethyl- 
enedinitramines were obtained in a high yield [109]. 




A = BF 4 -,SiFr; R = 2-NOj , 3-N0 2 , 4-N0 2 , 2,6- and 3,5-(N0 2 ) 2 

The reaction of nitronium salts and nitrogen pentoxide wi,h ammonia 
have been investigated [110-113] and mtramme is formed at liquid 



r ogen temperature: 

2NH 3 + no 2 + a- — nh 2 no 2 + nh;a~ 

A - = so 3 f~, CIOT, bf 4 , no 3 

rp, . fnifranl ine is dependent on the nature of the anion; on 

The formation of ni ‘ ra ™ ulfa P te t0 tetrafluoroborate, the yield ro- 
assing from nitronium chiorosuiw 

reases from 8 to >43% • ^ bg ticular]y usefu i j n the synthesis of 

Nitronium salts pr ously had been dfficult to obtain . It was 

^Ai-dim tramine l ction o{ primary nitramines (or their salts) with 

town [114J tnai 
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Tahle XXVI. N-Nitration of Amides with Nitronium Tetrafiuoroborate 


Yield of N-Nitro 

rnmnound Derivative. % 


Compound 


Yield °f N-Nitro 
Compound, % 


13 

Acetamide 

2-Chloroacetamide ” 

2 2 2-T richloroacetamide 62 

’ 53 

Benzamide 


ethyl n-butylcarbamate 

n-butylacetamide 

succinimide 


91 

40 

43 



nitronium tetrafiuoroborate, (pyrosulphate, fluorosulfate, fluorosilicate, 
as well as other nitronium salts) leads to the formation of the N,N- 
dinitramines. 



RN(N0 2 )X + NO 2 A » RN(N0 2 ) 2 



X = H, NH 4 , K, Li; A = BF 4 , S 2 C >7 , FS0 3 , SiF^ , 



CIO 4 , SbF 6 ", SnFj” 



Best results are obtained in nitration by nitramine salts in chloroalkanes 
or acetonitrile. However, the use of more basic solvents, such as ethers 
and esters, ensures equally high yields in the nitration of both free nitra- 
mioes and their salts [115]. 

Amides(acylamines) and urethanes as shown by Olsen [107] gave with 
one equivalent of N0 2 BF^ in acetonitrile at -30°C the corresponding 
N-nitro derivatives (Table XXVI). 



RCONH 2 + no 2 bf 4 



^*4 ^ 1 11^14 

The nitramides of benzoic and chloroacetic acids were obtained ir 
satisfactory yields by the method, but the yield of nitroacetamide was onlj 
12%. This can be explained by the fact that the aliphatic nitramides a 
rea ~J^ hydrolyzed even in the presence of potassium acetate. 

e use of more basic solvents such as ethyl acetate, 1 , 4 -dioxane, 
tnmethy! phosphate made it possible to obtain various other nitramides 
;!?' Stniclure ^ 40-90% yield [116], Succinimide is nitrated 
BF « in eth y> acetate in 43% yield [107]. 
nitrnn!i i mtere f t ” 1 ^ t0 note V-methylsuccinimide does not react w 

aromatic rinrexch s 1veTy methylPhthalimide underg0eS nitrati ° n 

the macron of ° f sulfonic acid nitro-imides consists 

1NU 2 b F 4 with imide salts [117]. 



\ 

/N-m + + no 2 + bf 4 - 



^n— no 2 



a) X = p-CH 3 C 6 H 4 S0 2 ; Y = C0 2 R 

b) X = Y = CH 3 S0 2 ; C 6 H 4 S0 2 
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As discussed, one of the known methods of synthesis nf h n, , 
mines involves the reaction of dialkylamides with nitric add Ih ch 7 T' 
,he substitution of the acyl group by the „i„„ grotlp ysisj 
when nitric acid or ns mixtures with acetic anhydride are used the »,eld oi 
mtrammes is as a rule low and only the use of the HNO,-fF rrn, n 
mixture makes it possible to raise the yield to 90% [Ug] For nrUarative 

P 7 n lot i m ° re t C ° nVe f ent t0 " itrate ,he di *Mamides by nitromum 
salts [119]. The reaction takes place at 20°C in acetonitrile solution The 

dialkylmtrammes are formed in yields up to 90% and the acyl group is 
converted into acylium tetrafluoroborate. 



R 2 NC(0)R' + N0 2 BF 4 » R 2 N— N0 2 + R'CCTBFJ 

Alkyl-A .TV-dinitramines were formed in high yields from .Y-alkyi- 
nitramides [120]. 

rn(no 2 )C(0)R' + NO2BF4 — > rn(no 2 ) 2 + r'Co*bf; 



R = CH 3 , C 4 H 9 , R' = CH 3 , C3H7 , CC1 3 



The reaction of N0 2 BF 4 with jV-alkylamides has been investigated 
[107,111] under different conditions, but nevertheless the results permit 
the conclusion that at a low temperature (-30°C), IV-butylacetamide and 
ethyl n-butylcarbamate in acetonitrile are nitrated to the N-nitro deriva- 
tives [107] while at higher temperatures, (up to +10 t ’C) nitrolysis takes 
place with formation of the corresponding carboxylic acid and alcohol as 
well as N 2 0 [121]. The question as to which C— N bond is N-nitrated 
and cleaved in the reactions of TV-alkylamides with N0 2 BF 4 requires 
additional study. 

Aliphatic isocyanates react with N07BF 4 in ethyl acetate or acetonit- 
rile with formation (after hydrolysis) of alkylnitramides [122]. 

RNCO + N0 2 + BF 4 _ * RNHN0 2 + C0 2 + HBF 4 

The study of the nitration of a series of /V,/V-diacylmethylamines showed 
that the acyl group is substituted by the nitro group and, depending on me 
conditions and the component ratio, methylnitroacetamide or met v 
dinitramine is formed [123]. 



CH 3 N(COCH 3 ) 2 + no 2 + bf 4 



CH 3 N(NO) 2 COCH 3 



CH 3 N(N0 2 ) 2 



The methanesulfonyl group can also be subsiimred by -he 
e tosyl or an alkoxycarbonyl group do not enter .nio tins W 

iction. 
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The mode of reaction of N0 2 + BF 4 with substituted methylenedia m i„ 0 
depends on the nature of the substituents [123,124], Alkanesulfon^ 
arenesulfonyl, or methoxycarbonyl derivatives undergo nitrolysis at L 

q fvj bond with formation of substituted nitroamines . This reaction path 

way is favored by the formation of the carbonium-immonium ion stabil- 
ized by the amino nitrogen. 

R'RNCH 2 NRR' + N0 2 + BF4 ► R'NR— N0 2 + R'NR + CH 2 BF 4 

R = Alkyl, R' = Alkyl, S0 2 CgH 5 , C0 2 CH 3 

Al,Af-Diacetylimidazolidine undergoes nitration by nitronium salts to 
N-acetyl-N'-nitro- or N,N'- dinitro derivatives. 

CH 3 CO — N — COCH 3 + N0 2 BF 4 » 



0 2 N— N-^N— COCH 3 + 0 2 N— N^N-NOj 

\_l VJ 



Nitronium salts are convenient nitrating agents for the synthesis of N- 
nitrimines. 4- Amino-1 ,2,4-triazole reacts with N0 2 BF 4 in acetonitrile to 
form 4-nitrimino-l, 2,4-triazole in 65% yield [125]. 



N-N 

1 \ +no 2 + bf 4 

W 

I 

NH 2 



N-NH 




N“ 

I 

N0 2 



1-Ammobenzimidazole is nitrated analogously and l.l'-azobenzimidazole 
is ormed as a side product. 3-Amino-l, 2, 4-triazole reacts with N0 2 BF 4 JD 
acetonitrile to form /V-nitrotri azole, which rearranges to the nitroamin° 



^n^nh 2 + no 2 + bf 4 
n-nh 



NH 2 

N— N 

\oo 



n^nhno 2 

iX 



1 aniom^n nitrosonmm salts readily react with azodicarl 



anions in accordance with 

NOj+ + “OOCN=NCOO- 
N0+ + "OOCN=NCOO- 



boxyl' 



N 2 0 4 + 2C0 2 + n 2 

2N0 + 2C0 2 + N 2 




7 . Methods for Preparing Energetic Nitrocompounds 

The reaction of alkyl azodicarboxylates denends ™ *** 

electrophilic species. N0 2 + BF 4 -, for exampfe, reacts w^thT'* !? "* 

“ re« e ‘ he W “ ker e ' eC " 0Phile ' ■*— “ «— oZZ 

The reaction of NCtfBF; with lithium azide in acetonitrile , cults i„ lhe 

“ ,de - wh,ch ,s co ” vmed ,m “ * - 

N °2 BF 4 + LiN 3 f- L 1 BF 4 + NO 2 N 3 — » 2N 2 0 



G. S-Nitration 

Sulfides react with nitronium hexafiuorophosphate at -78°C to form S- 
nitro sulfonium ions, which isomerize to S-nitrito sulfonium ion on warm- 
ing to -20°C and subsequently give the corresponding sulfoxides [127a]. 



R — S — R + NO^ 



R V"' R 

1 

no 2 



"v 



-R R R 

S" * V -NO'PFfi 

I II 

ONO O 



This reaction demonstrates the ambident reactivity of the nitronium ion, 
in analogy with the ambident reactivity of N0 2 and N0 2 ~. The nitro- 
sulfonium ion intermediate can be observed by ‘H-, i3 C-, and !5 N-NMR 
spectroscopy. 

In a similar fashion, sulfoxides were oxidized to sulfones [127b). 

O 



R— S— R + N0 2 



ono 2 

R — S + — R 



0 
II + 

R — S — R 

I 

ONO 



R— S— R f NO" 

II 

O 



S-nitro or S-nitrito sulfonium ions are similar intermediates in the oxida- 
tive cleavage of ethylenethioacetals with nitronium tetrafluoroborate or 
sodium nitrate-trifluoroacetic acid [127c]. 



S- 

/ 

\ 

S' 



R 



t) NO; or N.iNOi ’CJ- tC 0;H ^ q 



2) H,0 



R 






■ Attempted Nitration at Phosphorous 

eaction of nitronium salts with phosphines yields phosphine oxides [ 12^c] 
quantitative yield. 



R 3 P + N0 2 * [r 3 p + -o-n=o] 



-no 



R ? P 



O 
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Examination of the intermediates by “C- f l P-, and 15 N-N M R S p ectro . 
SCODV Showed the presence of only the P-mtnto phosphomum ion and no 
p-nitro phosphonium ion R 3 P + N0 2 was observed even at very i 0w 

temperature. 



V. Transfer Nitration 



According to Ingold, the reactivity of a nitrating agent N0 2 — X is highly 
dependent upon the electron affinity of X. It is therefore possible to alter 
the reactivity of the nitronium ion by using different agents of varying 
electron affinity. If a prepared nitro (or nitrito) onium ion is used as the 
nitrating agent, transfer of the nitro group to the substrate occurs. These 
reactions are called transfer nitrations utilizing nitro and nitro onium salts 
generally derived from suitable 0-, S-, or N— containing heteroorganic 
compounds. 

The term transfer nitration is thus defined as a nitration carried out by 
reacting the incipient nitronium ion bound to a suitable career (delivery 
system), in order to modify the reactivity and reaction conditions of nitra- 
tions. The term is, however, arbitrary. There is frequently only a fine 
dividing line between solvated nitronium ions and nitro-onium ions, 
although in other cases the transfer nitrating agents are stable and well 
defined. 



The regioselectivity of nitration of toluene with nitronium salts has 
been successfully altered by their prior complexation with crown ethers. 
Complexation of N0 2 BFJ by 18-C-6 crown ether substantially altered the 
selectivity in nitration of toluene and benzene as reported by Elsenbaumer 
and Wasserman [128], Similar effect was observed with polyethylene ox- 
ides. Savoie et at, reported isolation of the 18-C-6-N0 2 BF4 complex and 
its characterization [129], Masci carried out the yet most detailed study 
nitration [130)° f Cr ° Wn CtherS on the selectivity of electrophilic aromatic 

am ° UntS of N °2 + BF 4 - and 21-crown-7 or 18-crown-6 ethers 
Usine thf-!^ 00 ^? 0601 ^ so * ut ' ons > n nitromethane and dichloromethan • 
positfonal “ nitratin 8 benzene and toluene, both substrate a 

the crown ethp lv,tl ® s were altered and were dependent upon the natur ^ 
ion obviously iaH? (Cr ° Wn ether -N0 2 + BF4 ) ratio. The linear nitrom 
host comnlex with of < T° m P* ex w ith the crown ether. However, a g 
allow the aromatic 6 10631 nitronium ion inside the cavity would a 

ether complexes thp aCC t 6SS Therefore ’ ^ is more P robab l e that the „ C |j0 jn 

nitration of toluenp 01 r °” 1Um ' 0n 0n the outside. The ortho/p<* ra x 
crown-bl-fNC^RF-x 130 be varied from 1.5 to 0.3 on changing th 
J 12 BF ^) rat >o from 1 to 6. The isomer distribution of 
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w 

nitration of toluene with N0 2 *BF7 in CH,n win, 70 . 

4 % meta and, 43% para {ortho /para ratio* 1 21 an "t ° rtho ’ 

ortho , 3 % meta , 78% para {ortho /para ratio 0 2S Lh d • W ' th u 2 ' C ' 7, 19% 
complexing ability of the latter gi^vS high i ,“7® "7 m " Ch 

Ho "- AS cr ° wn ‘ etljer complexation affects thl nSroni™ « Z/Z/'Z 

preference for po™-n,trat,o„ reflects no, only , b „ lkler “j, 
much more selective nitration with a weaker electrophile 

Olah et al. in 1965 reported the preparation of /V-nitropvridin.um te- 
trafluoroborate from pyridine and nitronium tetrafluoroborate [711 The 
salt showed only limited reactivity in carrying out transfer C-nitration of 
aromatic hydrocarbons, probably because of the insolubility of V 
nitropyridinium tetrafluoroborate in the reaction medium. Transfer nitra- 
tion of n-donor heteroorganic substrates (alcohols, etc.) was, however,' 
readily accomplished. Cupas and Pearson subsequently extended the 
scope of transfer C-nitration by preparation and use of a variety of ,V- 
nitropyridinium and quinolinium salts [72]. Comprehensive studies by 
Olah et al. [73] allowed the design of reagents of varying reactivity 
by appropriate choice of the heterocyclic base and also the counter ions 
(PF 6 vs. BF 4 ). Nitration with these reagents occurs under basically neutral 
conditions because the proton eliminated in the aromatic nitration reaction 
is bound by the heterocyclic base. 



ArH + 




% 



pf 6 -(bf 4 -) 



ArNCri + 



R 




PF 6 -(BF 4 -) 



N' 

I 

H 



The jV-nitropyridinium and iV-nitroquinolinium salts are stable (but mois- 
ture sensitive) crystalline reagents, well characterized by spectroscopic 
methods (NMR, IR, Raman), They are prepared in essentially quan- 
titative yield by the slow addition of the corresponding pyridine to an 
equivalent amount of the nitronium salt in acetonitrile, nitromethane, 
or sulfolane solution. It is important to add the pyridine to the solution 
of the nitronium ion, because excess pyridine present during the reacuon 
can lead to opening of the pyridinium ring. The JV-mtropyndimum salts 
can be used as isolated compounds or they can be generate ^ sin<. 

MNitropyridinium hexafluorophosphate does not react with benzen 
and toluene at room temperature, whereas Mnitro^-picohmum ie 
fluoroborate reacts well under similar reaction con itions. * 
nitration is due to the methyl group causing stenc hmderance c » 
with concomitant weakening of the N-N 1 bond. It seems h nonbonded 
interaction with one a-methyl group is sufficient to co p further 

resonance interaction, since 

change the selectivity of the reagent. The stertc hindenn.ce to ,e»nan.e 
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can also be achieved by utilizing the peri interaction in Ar-nitroquinolini Uni 

53 j her e is generally no significant change of positional selectivity i n 
nitration of aromatics with jV-nitropyridinium ion. In the case of toluene 
the isomer distribution is 62-64% ortho-; 2-4% meta-; 33-36% para [ 

nitrotoluene. . . 

iV-Nitrito-4-nitropyridinium salts are isomeric with the previously dis- 
cussed /V-nitropyridinium ions. Similarly, dimethylnitritosulfonium salts 
are isomeric with Af-nitrosulfonium ions, formed from nitronium salts and 
dimethyl sulfide. The nitro-onium salts are prepared from nitrosonium 
hexafluorophosphate with 4-nitropyridine-N-oxide and dimethyl sulfoxide, 
respectively [131]. 




O - 

H 3 C x CH 3 



+ N0 + — ^ 



0^0 

s; 



h 3 c 



/ 



ch 3 



^ — J 

The nitrito-onium salts act as nitrating agents for aromatics that do not 
undergo nitrosation. Their nitrating ability is, however, considerably less 
compared to that of the corresponding nitro-onium salts (e.g., toluene is 
nitrated only at &60°C whereas the nitro-onium salts nitrate at ^25°C). 

-Nitrosulfonium salts isomerize to 5-nitritosulfonium salts at - 20°C. 
As a consequence dialkylsulfides are readily oxidized to their sulfoxide 
wi nitronium salts. When triarylphosphines are reacted with nitronium 
e nRr itophosphonium ions are observed spectroscopically (by 
nitr " sub i ec ! uent| y §' ve the corresponding phosphine oxides an 
I hese Nervations can also be rationalized as a conse 
Sitroaen ambldent reactivity of the nitronium ion reacting not on 
on oxygen, and thus acting as an oxydizing agent. 



R — X— r + nOj - — - 
X = S,Se 



NO, 

I 

R — x — r 



ArH 



ArNO, 



o- N \, 

I 

R— X— R 
ArH 

ArNO and/or ArN0 2 



-NO* 



0 

JU 
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r 3 p + no 2 + ;= [r, P ’_ 



m 



NO-i 



Hv 



r 3 p + _o-n=o] 

Ar H/\— NO* 
atno 2 r 3 po 

subllenHy 

„o, always lead to the expected result. In many l„ stances n °2t 

“Sr^e m s r,h e s akes p ; ace wi,h hieher ** in «* 

o p cohne [91 ,132]. In this case the nitrating agent is apparentiv not the 
nitronium salt but Z-methyb/V-nitropyridinium tetrafluoroborate which * 
formed rapidly when N0 2 + BF<- is mixed with a-pico)ine [73bj. 






The nitrohexamethylbenzenium ion, prepared from hexamethylben- 
zene and nitronium salts, was studied by low-temperature NMR spectro- 
scopy [133] showing intramolecular nitro group migration. 




Olah et al. found that the ion is capable of transfer nitrating benzene 
and mesitylene [134] . The transfer nitrating ability of the nitrohexamethyl- 
benzenium ion is interesting as addition of hexamethylbenzene as a awi- 
Plexing agent to nitronium salt nitrations of aromatics can affect regio- 

6 Transfer O-nitration of alcohols with /V-nitropynd.nium tetrafluorobo- 
rate was achieved by Olah et al. under acid-ffee conditions ]71J. 







N_N0 2 BF 4 _ + ROH 



/“'V 

R0N0 2 + NHBFj 



190 



Geor ge <4. Olah 

The method was further improved using N-nitrocollidinium tetra- 
fluoroborate as transfer nitrating agent for alcohols (polyols) [73], 
Alcohols undergo transfer nitration with Y-mtrocollidinium tetra 
fluoroborate under essentially neutral conditions. Yields were found to be 
close to quantitative. Separation of alkyl nitrates by distillation or crys- 
tallization gave good-to-excellent preparative yields (Table XXVII). 



Table XXVII. Nitrate Esters from Alcohols with 
N-Nitrocollidinium Tetrafluoroborate 

Nitrate Ester Yield (%) 

CjHj — O — N0 2 100 




0 2 N O (CH z ) z — o — NOj 100 

° 2 N O (CH 2 ) 4 — o — no 2 100 

(Q 2 N o CH 2 ) 2 — c H f ONrt-i 100 




CH, 



rS 

H ' c "r'cH, 



m 






Z M M ,o, Pr, paHnt Nl , roa>mpmnis 

f* 

“hcXX 

H 3 C | + CH 3 2 

no 2 

No oxidation of alcoholc k nhc* 

A'-nitrocollidinium sal, is genera l^teXteT"" “ nd ““” s - Tle 

fluoroborate itself, but gives better II, 1 than nitr °n>u m tetra- 
yields as shown, for example in the ° f condltI0n s and superior 

Adamantanol gives less than 2% yidd State” f 1 ' adaman, ' W n,trate - 
nitronium tetrafluoroborate whil e y the N nitm Liff UP ° n treatment with 
yield. mtr0 sa ^ forms the ester in 82% 

.o ” «■» 

re, ’ Dl ° S glVe dinitrates under reaction conditions No pmacoione 
rearrange^n, was observed. G„cerol gives trini.roglycerin 



VI. Demetallative Nitration 

When toluene is nitrated with conventional electrophilic nitrating agents 
the product distribution usually shows 60-65% ortho- 3-4% meta, and 

-30% /wa-nitrotoluene. Only in nitrosative nitrations, in crown ether 
complexed or transfer nitrations, as well as in heterogeneous solid-add- 
catalyzed nitrations is there a significant change in isomer distribution 
reflecting increased steric hindrance to ortho substitution and late arenium- 
ion-like transition states of highest energy. 

One of the most successful approaches for altering the regioselectivity 
°f aromatic nitration involves nitration via metallation [135]. This was 
discovered as a catalytic nitration which at the same time also presides 
unusual isomer distribution. The most important metallative nitration 
reactions involve metallation with mercury, palladium, and thallium salts. 

The first report of catalytic nitration via mercuration was a patent issued 
to Wolffenstein and Boeters [136] at the beginning of the century. They 
reported a procedure for the synthesis of dinitrophenol and picric acid da 
oxynitration of benzene with mercuric nitrate and 50-55% nitric acid. The 
mechanism of oxynitration was delineated by Westheimer et al. [132]. 

Davis et al. [138], Tsutsumi et al. [139], and Yoshida et al. [140] dis- 
covered that the ortho-para ratio of nitro toluenes can be significantly altered 
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via mercurative nitration generally increasing para-substitution. The 
ortho-para ratio could be changed from 2: 1 to 1 :2 via mercuration nitra- 
tion. Stock el al. later confirmed and extended these experimental findings 
[141]. The reaction can be catalyzed by mercuric oxide, mercuric acetate, 
and mercuric nitrate, and to a lesser extent by mercuric sulfate. The effect 
of reaction conditions on isomer distribution was examined, The ortho- 
para ratio decreases as the reaction progresses. It was established that 
nitroluenes are formed via initial nitrosodemercuration followed by oxida- 
tion of nitrosotoluenes. 

Because of the advantages of using solid superacidic catalysts in elec- 
trophilic aromatic nitration and in acid-catalyzed reactions in general, Olah 
et al. have examined the mercury (Il)-promoted azeotropic nitration of 
aromatics using Nafion-H® solid superacidic catalyst [142]. Azeotropic re- 
moval of water accelerates the rate of reaction by mitigating the dilution of 
nitric acid in a static reaction system. The yield of nitroaromatics varies 
from 48-77% (Table XXVIII). 

As the water formed is removed axeotropically, the mercury impreg- 
nated Nafion-H® catalyst can be recovered by filtration without any loss of 
activity and can be recycled. Comparison of data with nitration in the 
absence of mercury catalyst shows that formation of less hindered isomeric 
nitroarenes are favored. It is interesting to note that attempted azeotropic 
nitration of ethylbenzene with nitric acid/Nafion-H® yielded only 
acetophenone via side-chain oxidation, whereas in the presence of mercury 
salt under similar reaction conditions, nitroethylbenzenes were obtained in 
good yield with only 13% of product of side chain oxidation. 

Desilyliitive nitration of arylsilanes proceeds through ipso nitroarenium 
ion intermediates. In the reactions the major products are, however, 



Table XXVIII. Hg 2 -Promoted Nitration of Aromatics over 
Nafion-H® Catalyst 



Substrate Yiel d (%) 

Benzene 7j 

Toluene ^ 

Ethylbenzene r, f , 



leri-Butylbenzene 

o-Xylenc 

m-Xylene 

Chlorobenzene 

Bromobenzene 

Naphthalene 



72 

56 

48 

59 

76 

77 



Isomer (Distribution, %) 



2-nitro (33), 3-nitro (7), 4-nitro (60) 
2-nitro (38). 3-nitro (5), 4-nitro (44), 
acetophenone (13) 

2- nitro (11), 3-nitro (17), 4-nitro (72) 

3- nitro (33), 4-nitro (67) 

2-nitro (11), 4-nitro (89) 

2-nitro (37), 3-nitro (2), 4-nitro (61) 
2-nitro (44), 4-nitro (56) 

1-nitro (97), 2-nitro (3) 
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nitra tions aryISiIaneS f ° rmed ^ imaCt nitra,i ° n " ,he 0rtho ’ ***/*! 




Nitrodesilylation is usually faster than nitrodeprotonation because the 
nitrosilylbenzenium ion is stabilized by the silyl substituent. Deans and 
Eaborn showed that l,4-bis(trimethyhilyl) benzene undergoes nitrodesi/y- 
lation on nitration with acetyl nitrate [143], Acetyl nitrate is the reagent of 
choice, because nitration with a nitric acid/sulfuric acid system will lead 
primarily to proto desilylation. 



Si(CH 3 ) 3 

+ HN0 3 + (CH 3 C0) 2 0 





Si(CH 3 ) 3 



no 2 



Nitrodeprotonation is, however, favored in the nitration of 4- 
tolyltriethylsilane. 




(CH,CO) ; Q 

Oi(NOj)i 



Si(CH 2 CH 3 ) 3 



CH 3 

/L/N0 2 

y . 

Si(CH 2 CH 3 ) 3 



lis is perhaps due to the bulkier nature of the triethylsilyl substituent. 

... . hinderance to ipso attack [144], 

Benkeser [145] Speier [146], and Eaborn [147] have shown that intact 
a nitration generally predominates and protodesilylation plays a sigrn- 
Jnt role under the reaction conditions. 
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Olah and Narang [148] found that reaction of nitronium tetraflu 0 ro b 0 . 
rate with phenyltrimethylsilane gives only limited ( 10 %) nitrodesilylation 
besides intact (predominantly para ) ring nitration. 

Acid-sensitive systems represent a particularly useful application for 
desilylative nitration with nitronium salts. Mononitration of imidazoles and 
triazoles is difficult because acid formed in the reactions even with 
NO 2 BF 4 tends to catalyze denitration. However, the nitration of tri- 
methylsilyl derivatives with NO 2 BF 4 overcomes this difficulty. It has 
been shown for 2 -isopropyl-l-trimethyl-silylimidazole that it is possible 
to obtain its nitro compounds which could not be obtained previously 
(e.g., 2-isopropyl-l,4-dinitroimidazole) [149]. Desilylative N-nitration is 
involved in the reaction. 



r\ 

v N ^ CH(CH 3 ) 2 + NO2BF4 
Si(CH 3 ) 3 




I 

no 2 



CH(CH 3 ) 2 



o 2 n 



+ 




H 



CH(CH 3 ) 2 + (CH 3 ) 3 SiF + BF 3 



Similar nitration of N-trimethylsilyl-l,2,4-triazoles makes it possible to 
obtain IV-nitrotriazoles, which can be converted to the C-nitro derivatives 
in high yield [150], 



r>Nor BF .- _ li _ 

N X N' 

Si(CH 3 ) 3 N 0 2 

R = H,CH 3 ,Cl,or Br 



f~( 

A xN 

o 2 n^n 

H 



ffi ^* r ^ desd ^ adon nitronium tetrafiuoroborate is also a mild and 

alkvk.wf n? allphalic nitrocompounds from readily available 

Tetram^hvl ^ R ° Chin haVe Studied t 151 ] the scope of the reaction. 

SSSSr rea fi nL readily With NO > +BF < « sulfolane solution to 
give nitromethane in 80% yield. 



(CH 3 ) 4 Si + NQ 2 BF 4 » CH3NO2 + (CH 3 ) 3 SiF + BF 3 



At higher temperature and excess NOj BF 7 , 
romethane can be obtained. 



two equivalents of nit- 
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(CH 3 ) 4 SiF + N0 2 + BF 4 ► CH 3 N0 2 + (CH 3 ) 3 SiF 2 + BF ? 

Nitrodesilylation probably proceeds via the pentacoordinate two 
electron three-center bonded siliconium ion. 



CH 3 

I 

H 3 C— Si— CH 3 + N0 2 + BF 4 



ch 3 

rr ^ I ' N °2 

H 3 C— Si--<' 2 I 



\f 3 , 

H 3 C— Si— <' 

J I 



CH 3 N0 2 + (CH 3 ) 3 Stf 



L ^ J 

Ethylsilanes react similarly but higher alkylsilanes gave only low yields of 
nitroalkanes accompanied by products of elimination and subsequent 
polymerization. 

Allylsilanes react readily with nitronium salts to yield nitroalkenes. 

ch 2 =ch— ch 2 — si(CH 3 ) 3 -2222* ch 2 =ch-ch 2 -no 2 £ 

(80%) 

CH 2 ==C(CH 3 )— CH 2 — Si(CH 3 ) 3 NOiB * * CH 2 =C(CH 3 )— CH 2 — N0 2 

(65%) ^ 

CH 3 CH=CH — CH 2 — Si(CH 3 ) 3 -°^ B % CH 3 — CH(N0 2 )— CH=CH 2 

(75%) £ 

The reactions follow the addition-elimination course. 



On the other hand, beneylsilunes do no, undergo ni.rodedlyla.ion, b». 

inS A7,S ri ” 8 H 'cussed, undergo ni.rodesilylu.ion with 

i" preference undergo one-eiec.ron o»da,.o„ 

with nitronium salts. 

RSn(CH 3 ) 3 + N0 2 + BF 4 - — fRSn(CH 3 ) 3 -N0 2 -BF 4 ] — 

r . + • N0 2 + (CH 3 ) 3 SnBF 4 

^ ehvlstannane reacts with nitronium salts in dichloromethane. to 

Tetramethylst chioroethane methane , and ethane. The products 

form chloroni intermediacy of free radicals [152]. 
are indicative oj 
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Corey et al. have reported [153] facile nitrodestannylation of allyj. 
trimethylstannane with tetranitromethane in DMSO. 

^^Sn(CH 3 ) 3 + C(NO a ) 4 ^t\^N0 2 

56% 

N-Methoxycarbonyl and N-methanesulfonyl-jV'-trirnethylsilyl carbodi- 
mides undergo nitrodesilylation, resulting in the formation of N- 
nitrocyanamides. 



R — N= C=N — SiMe 3 



NOj 



R— N— NO, 

I 

CsN 



It is not clear whether the N-nitrocyanamides are formed via isomeriza- 
tion of the N-nitro derivative or not. 



R — N=C— N — SiMe 3 R— N=C=N— N0 2 > R — N — N0 2 

G=N 



However, direct formation of the iV-nitrocyanamide seems highly likely. 

Nitramines can be obtained by nitrodesilylation of silylamines which can 
provide a route for the synthesis of certain nitramines heretofore unobtain- 
able by conventional nitration methods. 2-Isopropyl-l,4-dinitroimidazole 
was synthesized by nitration of the corresponding silylated derivative [154], 



CH(CH 3 ) 2 + N0 2 — > 
Si(CH 3 ) 3 




o 2 n 



^N^CH(CH 3 ) 2 + ^ n ^CH(CH 3 )2 



Similarly, Al-nitrotriazole 



no 2 

was synthesized. 
R 



"S' 

H 



^ n + no£ > 

N 



no 2 



Si(CH 3 ) 3 
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The nitrosilylative AZ-nitration of a series of amine and diamine* 
also studied by Olah et al. [155]. 



ch 3n / ch 3 

CH 3 — Si~N 



-ai — IN w Mn 

/ \ (CHj)^SiF y 

' t — wr. / 



CH, ~ BF > 



3y /CH 2 CH 3 ch 3 ch 2 



CH 3 — Si— N 

ch/ x ch 2 ch 3 



N— N0 2 



ch 3 ch 2 



0 N— Si— CH 3 

X — / x ch 3 



N N — N0 2 

\ / 



CH 3 — Si— N N— Si— CH 3 2N ° ;B - > 0 2 N— N N— NOj 



:H 3 — Si— N N— Si— CH 3 0 2 > 

CHj 7 X / X CH 3 



SiMe 3 

CH 3 -N 

\ 

SiMe 3 



CH 3 — N + CH 3 N 

X NoJ X N0 2 



decomposition 



Phenol silyl ether when reacted with nitronium tetrafluoroborate gives 
nitrophenols (as well as nitrated silyl ethers). 



OSi(CH 3 )3 



+ (CH 3 ) 3 SiF 



. • nitration involves initial O-nitration. with phenyl m- 

The desilylative nitrat . d by t he acid formed in the intact nng 
rate readily rearranging ( ^ Y^ of y pentafluorophe nyl O-trunethylsdyl 
litration) to n,tro P ' occur but there is indication of bimolecular 

:ther, no rearrangement 
:ondensation. 
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alcohol nitration, 178 
alkane nitration. 166 
alkene nitration, 173-176 
alkyne nitration, 176-177 
amine nitration, 180-185 
aromatic nitration, 161-163, 165 
butyl pyridine, reaction with. 165-166 
characterization. 160 
complexalion with crown ethers. 186-187 
cyclohexene reaction. 174-175 
isolation of, 142 
nitroacetylene formation, 177 
nitrodesilylation. 194-195 
nitrofluorination, 175 
nitrophenol formation, 197-198 
preparation of, 159. 160 
silyl ether nitration, 179-180 
solubility, 161-162 
specific conductivity of, 160 
Nitroolefins 

1.1- diiodo-2.2-dinitroethylene, 12-13. 15 

1.1- dinitro-2,2-di(dimethylamino)ethylene, 

11,13 

1.1- dinitra-2,2-di(n-propyl)elhylene. 14-15 

1 , l-dinitro-2,2-di(phenytaminoletliyteoe. 

14-15 

synthesis of, 12-15 
twists in. 14 

N-nitro compounds. See Nitronium salts. 
N-nitration 

O-nitro compounds. See Nitronium sale. 
O-nitration 

Photodissociation. See Molecular dissecans*. 

Haloaromatics. photodissswriadon of 
Photofragmentation transianoeal spectroscopy 
dissociation, 30, 31 
excitation. 29-30 
fragment detection. 30 
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Phacofragmentation translational spectroscopy 
( continued ) 

important features, 29-30 
molecular beam methods, 29-30 
molecular beam velocity, 30-32 
Newton diagram, 30-32 
thermal decomposition , 32-33 
time-of-flight spectrum, 29-30, 33 
Picosecond x-ray diffraction (PXR) 
anode. 21 

background, 69-70 
detectors used, 74 
diagnostics, 72-75 
diode, schematic diagram of, 70 
electron bunches, utilization of, 69 
electron emission, 71 
experimental system, 70-72 
experiments. 72-73 
generation of, 69 
Laue diffraction patterns, 71 , 72 
metallic surfaces. 70, 71 
photocathode, 70, 71 
pulsed beams, synchronization of. 72. 73 
pulse width. 7 1 
quantum efficiency, 69, 7 1 
soft x-ray emission, 69 
source, 69, 70-72 
streak camera traces. 73 
system design. 69-70 
time-resolved, 69, 72 
Polyazaadamantanes 
1 -azaadamantane 



ring substituted derivatives, 100 
synthesis, 100 
2 -azaadamamane, 100 



1,3-diazaadamantane, 100-101 
2,6-diazaadamantane. 101 
hexamethylenetetramine, 104 
triazaadamantanes 

caged orthoamide structures, 102-103 
synthesis, 101-102 
Polyazaisowurtzitanes 
amine reaction with glyoxal, l )6 117-m 
henzylamines, 118-119 



4, 10 -dinitro- 4 , l O-diaza- 2 , 6 , 8 , 1 2 - 
tetraoxaisowurtzitane 1 1 1 
2,6-ethylenc-8. 12 -ethylene- 4 , , 0 -diox; 

s . 8 , 12 t e traazaisowurtzitane, 1 
nexaazaisow urtzitanes 
acid stability, 1 14 
condensation reactions, 1 13 
decomposition products, 114 



Index 

deuterium substitution, 117-118 
diimine trimerization, 115-116 
hexabenzyl derivative, 113 
hexabenzyl, mechanism of formation 
115-116 

4-(methoxybenzyl) derivative, 115 
monoimine trimerization, 116-1 17 
phenyl substitution. 1 17 
NMR spectra, 1 15 
synthesis, 111-115, 1 18-1 19 
Polyazawurtzitanes 

3-azawurtzitane, 104-106 
endo substituents. 106 
iceane, 104-105 
3,5,1 2-triazawurtzitanes 
condensation of 1 ,3,5- 

triformylcyclohexane, 106-110 
synthesis of, 106-110 
1 ,3,5-triformylcyclohexane, reactions of, 
108-110 

triimines, equilibrium with, 108-109 
Polycyclic amine chemistry 
background, 95-97 
caged nitramines synthesis 

1 ,3-dinitro- 1 ,3-diazacyclopentane, 98 
hexanitrohexaazaadamantane, 99 
hexanitrohexaazaisowurtzitanes, 99 
hexanitrohexaazawurtzitane, 99 
HMX, 97-99 
methods, 98-99 
nitration process, 98 
problems, 99 
RDX, 97-99 
density 

caged hydrocarbons, 97 
importance of, 95-96 
maximization parameters, 96 
monocyclic vs. caged compounds, 96 
detonation, chemical energy of (Q), 96 
detonation pressure (P CJ ), 95 - 97 , 99 
detonation velocity (D), 95 - 97 , 99 
polyazaadamantanes, 100-104 
examples of, 100-102 
nitrogen bridge. 100 
ring substituted derivatives, 100 , 192 
synthesis, 100-103 
polyazaisowurtzitanes, 110-119 
known ring systems, 110, 114 
synthesis, 111-113, 115-119 
polyazawurtzitanes, 104-109 
examples of, 104—106 
parent, synthesis of, 104-105 
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stability, 108-109 

triimines, equilibrium with, 108-109 
Propellants. See Monopropellants 

Samarium. See Lanthanide: Metallacarboranes 
S-nitro compounds. See Nitronium salts, 
S-nitration 
Specific impulse (I.) 
background, 77 
formula 

application of, 80-8 1 
combustion temperature (T v ), 80-81 
enthalpy of combustion (AH, 80-81 

kinetic energy, 78-79 
methods for computing, 78-79 
relation to thrust, 78 
theory, 78-80 
values 

affect of aza nitrogens. 89, 91 

calculation of, 8 1 -86 

cubane derivatives, properties of, 87-88 

decomposition reactions, 87-88 

factors determining, 89, 90 

heat of formation (H,), 87-89 

n/M, 87-88 

relative to HMX, 81-86 
Strontium. See Alkaline-earth; 
Metallacarboranes 



1 ,3,5,7-tetranitro-l ,3,5,7-tetraazacyclooctane 
(HMX), 5, 27 

detonation pressure (P £ ,l. 95 
detonation velocity (D). 95 
as energetic material, 2 
heat of formation, 87 
oxidation reaction. 87 
specific impulse value. 81-86 
synthesis of, 97-99 
Translation a! energy analysis 
C,H„, production of, 49 
energy released, derivation of, 50 
reaction mechanism, 50-5 1 

1 ,3,5-triformylcyclohexane 

amines, condensation with, 106, 108 

ammonia, reaction with, 108-109 

ester formation, 107 

formation of, 107 

formation of triimines, 107-108 

hydrazine, reaction with, 108- 109 

phenylhydrazine. reaction with. 108-109 



primary amines, reaction with. 109-1)0 

1 .3,3-Trinitroazetidine ITSAZ) 
background. 27-28 
cyclic mtroalkyl mtramines. 27 
decomposition 
products of, 29. 32, 33-42 
study of, 29-30 
techniques used in. 29-30 
energetic cyclic nitramines, relation to. 27 
forward convolution method 
center-of-mass velociry, 43 
high-laser fluence. 46-49 
low-laser fluence. 44-46 
primary dissociation. 43-44 
primary vector channels. 43-44, 47. 48 
secondary dissociation. 47-*9 
secondary reaction channels. 43-44. 47 
translational energy distribution. 37, 39. 

44-48 

fragment identification, 30-31 
molecular dissociation. 30-31 
NO., loss. 28 

photofragmentation translational spectroscopy 
data, interpretation of. 30-33 
molecular beam methods. 29 
Newton diagram, 30-32. 43 
research, areas of, 28 
thermal decomposition of 

bulk studies comparison. 51-53 
data analysis, 35-42 
high-laser fluence excitation, 38-42 
ionization. 36, 39-40 
laser light excitation, 35-40 
low-laser fluence excitation. 36-3S 
mass spectra, 35-42. 46-49 
mass-to-charge ratio (m/el, 36-42. 44—15. 

47, 49-51 
methods, 34-35 
molecular beam, 33-34. 5 1 . 53 
reaction summary. 52 
studies, 28, 32-33 
time-of-flight spectra. 30. 35. 37. 39. 

40-42 

unimportant channels, 51 
velocity distribution. 35 
translational energy analysis, 49-51 

l.3.5-trimtr»-l.3.5-triazacyclohe-\anetRDX>. 

5.27 

decomposition. 32. 34. 46, 5t 
as energetic material. 2 
NO. loss channel. 48. 52 
specific impulse. 90 
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l.3,5-trinitro-l,3,5-triazacyclohexane(RDX) 

(continued) 
synthesis of. 97-99 
translational energy distribution, 46 
triple concerted reaction, 5 1 



Ultrafast spectroscopy 
emission decay kinetics, 59. 60, 62. 63. 
66-68 

experimental system, 56-57 
fluorescence lifetime, 58. 59, 61 , 63 
gas-phase fluorescence decay, 61 



haloanthracenes, 58-59 
halonaphthalenes 

1-bromonaphthalene, 60-61 
singlet-singlet absorption, 60 
singlet-singlet transition. 60 
transient absorption spectra of, 60-6 1 , 63 
materials used, 57 
spin-orbit coupling, 62 
time-resolved spectra, 57, 59-60, 62 
triplet state, 62, 64, 65 

Ytterbium. See Lanthanide; Metallacarboranes 
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